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Salmonella Enteritidis, a leading cause of salmonellosis worldwide, might ex-
perience diﬀerent environmental stresses during food processing and storage. En-
vironmental stresses are known to induce bacterial stress responses, which confer
bacteria greater resistance and virulence or promote its biofilm formation. The
objective of this project was to investigate the responses of S. Enteritidis under
food-related environmental stress conditions and the underlying mechanisms, which
would help to develop better control and elimination strategies.
This project investigated the virulence status and survival of heat-, cold-, and
acidic/alkaline antimicrobial-adapted S. Enteritidis in a simulated gastric fluid and
during heat treatment. The changes in membrane lipid composition and expression
levels of stress response regulators were also analyzed to elucidate the mechanisms.
The results showed that heat-adaptation significantly (P<0.05) increased S. Enter-
itidis heat resistance, while acid-adaptation enhanced its acid and heat resistance.
The increased resistance generally correlated with the decreased membrane fluid-
ity. However, the upregulation of rpoS/rpoH was generally observed in cold- and
alkali-adapted cells with decreased acid and heat resistance. Most of the tested
virulence genes were upregulated in heat- and alkali-adapted cells. These result-
s suggest that adaptation to higher temperature or acidic/alkaline antimicrobials
xiii
might enhance S. Enteritidis resistance and virulence.
This project also investigated the eﬀects of stress-adaptation on S. Enteritidis
initial attachment to two food contact surfaces. In addition, the physicochemical
properties of both adapted cells and surfaces were determined and surface attach-
ment was modeled by xDLVO theory. The results showed that initial attachment
was significantly higher for non- and acid-adapted cells, which was possibly due to
their higher hydrophobicity and less negative charge. No significant (P>0.05) dif-
ference was observed between cell attachment to acrylic and stainless steel, although
these surfaces had diﬀerent physicochemical properties. The diﬀerent attachment
capabilities of non- and stress-adapted cells could be explained by xDLVO theory
in most cases. These results indicate that adaptation to lactic acid might promote
S. Enteritidis attachment to food contact surfaces.
Finally, this project investigated the influences of environmental stresses (cold,
antimicrobials, or low-nutrient) possibly encountered in food industry on S. Enter-
itidis biofilm formation and its resistance to chlorine. The results showed that
biofilm density was significantly higher at room temperature or under low-nutrient
condition, regardless of pH and bacterial strains. In addition, low-nutrient con-
dition enhanced the chlorine resistance of biofilms formed at room temperature
but not at refrigeration temperature. Acidic conditions sensitized biofilms to chlo-
rine treatment compared to neutral or alkaline conditions. Further analysis of
biofilm structure and cellulose production indicated that they had positive im-
pacts on biofilm resistance to chlorine treatment. These results demonstrate that
room temperature or low-nutrient condition might enhance S. Enteritidis biofilm
formation and its resistance to sanitizers.
In conclusion, the results obtained from this research suggest that food-related
xiv
environmental stress conditions could enhance S. Enteritidis virulence and resis-
tance to lethal treatments, promote its attachment and biofilm formation onto
food contact surfaces, and increase its biofilm resistance to sanitizers. Therefore,
this research highlights the importance of taking bacterial stress responses into
consideration when designing intervention technologies.
xv
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Salmonella spp. is estimated to account for 93.8 million cases of gastroenteritis
and 155,000 deaths annually in the world (Majowicz et al., 2010). To date, more
than 2,600 Salmonella serotypes have been identified (Issenhuth-Jeanjean et al.,
2014). Among them, S. Enteritidis is the leading causative agent of Salmonella
outbreaks worldwide (Hendriksen et al., 2011). Most of Salmonella outbreaks are
foodborne, usually caused by consumption of contaminated foods of animal origin,
such as eggs, poultry and beef, but fresh produce or processed foods have also been
reported as vehicles of salmonellosis (CDC, 2015; Majowicz et al., 2010).
Growth and survival of Salmonella in foods are favored by optimal environmen-
tal conditions of suﬃcient nutrients, appropriate temperature, pH, oxygen, water
activity, etc. (Spector and Kenyon, 2012). However, changes in any of these factors
may cause a stress to Salmonella cells, which delays their growth or even kills them
(Yousef and Courtney, 2003). Therefore, traditional food preservation techniques,
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including cold storage, heat treatment, and application of acidic or alkaline antimi-
crobials for carcass decontamination, inhibit or kill foodborne pathogens through
manipulating one or several of these conditions (Buchanan, 1993). Unfortunately,
improper storage, undercooking, or insuﬃcient washing, which fails to inhibit or
eliminate Salmonella cells, may occur and result in a sublethal cold-, heat-, acid-
or alkali-stress condition.
Salmonella can tolerate and adapt to sublethal physical or chemical environ-
mental conditions and induce stress responses. It has been known that pre-exposure
of bacteria to sublethal conditions enables them to resist subsequent exposure to
the same or other types of stresses to which they are normally susceptible (Ray and
Bhunia, 2008). The increased resistance of S. Enteritidis after cold-, heat-, acid-, or
alkali-shock has been observed in several studies (Humphrey et al., 1993; Jeﬀreys
et al., 1998; Leyer and Johnson, 1992; Sampathkumar et al., 2004). However, S.
Enteritidis might experience prolonged exposure to the stress conditions and its
behavior might be very diﬀerent from that after short-term exposure (Humphrey,
2004). Apart from increasing resistance, previous studies also showed that envi-
ronmental stresses might potentiate the virulence of Salmonella strains by lowering
their infective dose or enhancing their ability to adhere and invade the intestinal
epithelial cells (Perez et al., 2010; Shah et al., 2013; Sirsat et al., 2011; Stackhouse
et al., 2012; Yoon et al., 2013). Thus, studies that investigate the resistance and
virulence of S. Enteritidis after long-term exposure to food-related environmental
stress conditions could be helpful in selecting appropriate intervention technologies
to prevent resistance development and virulence enhancement.
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Bacteria have developed both physiological and genetic mechanisms in re-
sponse to environmental stresses. One of the physiological changes involves the
alteration in bacterial membrane lipid composition to maintain membrane in an
appropriate fluidity state. For example, a decrease in the ratio of unsaturated to
saturated fatty acids (USFA/SFA) and an increase in the content of cyclic fatty
acids (CFA) were observed in S. Typhimurium as growth pH decreased by the ad-
dition of organic acids (A´lvarez-Ordo´n˜ez et al., 2008). The changes in membrane
lipid composition resulted in a more rigid membrane and thus maintained pH home-
ostasis by inhibiting the influx of organic acids into the cells (Yuk and Marshall,
2004). Moreover, the more rigid membrane is also believed to enhance survival of
acid-adapted S. Typhimurium during subsequent heat treatment (A´lvarez-Ordo´n˜ez
et al., 2008).
On the other hand, bacterial stress response is also mediated by the synthesis
of stress-related proteins that protect or repair DNA and essential enzymes for
bacterial metabolism (Ray and Bhunia, 2008). Transcription of genes encoding
stress-related proteins is initiated by specific sigma factors, such as RpoS and Rpo-
H. RpoS that controls the expression of more than 70 genes is a master regulator
of the general stress response. The majority of RpoS-dependent genes confer bac-
teria greater tolerance to heat, acid, oxidation, osmotic stress, and UV irradiation
(Hengge-Aronis, 2002). In addition, RpoS also controls the expression of virulence-
related genes and genes responsible for biofilm formation, thus it might play an im-
portant role in bacterial virulence and biofilm development (Hengge-Aronis, 2002;
Robbe-Saule et al., 2006). Meanwhile, RpoH regulates the expression of more than
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30 heat shock proteins (HSPs) in response to thermal stress. HSPs function as
molecular chaperones and proteases responsible for repairing and removing heat-
damaged proteins (Spector and Kenyon, 2012). Therefore, studies that investigate
bacterial resistance mechanisms by examining the changes in both membrane lipid
composition and expression of stress response regulators could achieve a more com-
prehensive view on bacterial responses to environmental stress conditions.
The formation of biofilms is also a survival strategy employed by bacteria un-
der various stress conditions. Biofilm is defined as an aggregate of microorganism-
s embedded within a self-produced matrix of extracellular polymeric substances
(EPS) (Vu et al., 2009). The matrix serving as a protective barrier greatly in-
creases bacterial resistance to a hostile environment (Poulsen, 1999). Although
biofilm formation is advantageous to bacterial survival, it is of great concern to the
food industry because some of the biofilm cells may survive the normal cleaning
and sanitizing procedure during food processing (Sharma and Anand, 2002). The
persistence of pathogenic bacteria in food processing plants could be a source of
recontamination and cause foodborne illness (Sharma and Anand, 2002).
The initial step of biofilm formation is bacterial attachment to a surface, which
is a complex process mediated by the properties of both bacterial cells and contact
surfaces, including hydrophobicity, surface charge, and the presence of bacterial
surface structures (Donlan, 2002). After initial attachment, bacterial cells form
microcolonies, multiply and produce EPS to develop a mature biofilm with a highly
organized structure (Chmielewski and Frank, 2003). Biofilm maturation has been
reported to confer biofilm cells even stronger resistance to sanitizing agents than
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cells within a younger biofilm (Corcoran et al., 2014). The extraordinary resistance
of biofilm to sanitizers has not been fully understood, but it might be attributed
to several mechanisms, including reduced diﬀusion of antimicrobials into biofilms,
reduced growth rate of biofilm cells, activation of general stress responses, and
induction of a biofilm-specific phenotype (Mah and O’Toole, 2001).
It has long been known that bacterial cell surface structures (fimbriae and
flagella) and physicochemical properties (hydrophobicity and surface charge) are
highly dependent on environmental conditions (Briandet et al., 1999a; Walker et al.,
1999). However, only a few studies investigated the eﬀect of prior growth condi-
tions on bacterial initial attachment to food contact surfaces (Skovager et al., 2013;
Smoot and Pierson, 1998) and thus their roles in S. Enteritidis initial attachment
are largely unknown. In addition, although several studies have shown that envi-
ronmental stress conditions play significant roles in Salmonella biofilm formation
at a later stage (at least after 24 h of incubation) (Giaouris et al., 2005; Karaca
et al., 2013; Lianou and Koutsoumanis, 2012), relatively little attention has been
paid to investigating whether environmental stress conditions would aﬀect the re-
sistance of Salmonella biofilm to sanitizers and the possible mechanisms. A better
understanding of the eﬀect of food-related environmental stress conditions on S.
Enteritidis initial attachment, biofilm formation and biofilm resistance to sanitiz-
ers as well as the underlying mechanisms would help design strategies to reduce its
attachment and biofilm formation in food processing plants.
Therefore, the objectives of this project were to 1) investigate heat/acid re-
sistance and virulence-related gene expression of heat-, cold-, acidic and alkaline
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antimicrobial-adapted S. Enteritidis cells, and find out the relationship between
bacterial resistance and membrane fluidity or stress-related gene expression (Chap-
ters 3 and 4); 2) investigate the initial attachment of heat-, cold-, acidic and alkaline
antimicrobial-adapted S. Enteritidis cells to food contact surfaces (stainless steel
and acrylic) and the physicochemical properties of both bacterial cells and contact
surfaces, and find out the relationship between bacterial initial attachment and
physicochemical properties of cell surface (Chapter 5); 3) investigate S. Enteritidis
biofilm formation under food-related environmental stress conditions (cold, antimi-
crobials, and low-nutrients) and its subsequent resistance to chlorine treatment,
and find out the relationship between sanitizer resistance and biofilm structure or





2.1.1 Salmonella and salmonellosis
Salmonella spp., members of the family Enterobacteriaceae, are Gram-negative,
facultatively anaerobic and rod-shaped bacteria (D’Aoust and Maurer, 2007). The
genus Salmonella contains two species, S. bongori and S. enterica. The latter one
can be further divided into six subspecies, which are enterica, salamae, arizonae,
diarizonae, houtenae, and indica (D’Aoust and Maurer, 2007). Each subspecies
may consist of 10–1,600 serotypes according to their somatic (O) and flagella (H)
antigens, and over 2,600 Salmonella serotypes in total have been identified to date
(Fig. 2.1) (Issenhuth-Jeanjean et al., 2014). Therefore, the complete designation of

























Fig. 2.1: The nomenclature and classification of the genus Salmonella (Issenhuth-Jeanjean et al.,
2014).
enterica subspecies enterica serotype Enteritidis, although it is usually abbreviated
as Salmonella Enteritidis (Brenner et al., 2000).
Salmonellosis caused by non-typhoidal Salmonella stains is one of the most
common foodborne diseases reported worldwide (Curtis et al., 2014). It has been
estimated that 93.8 million cases of salmonellosis occur globally every year with
155,000 deaths (Majowicz et al., 2010). Although a slight decrease in the number
of salmonellosis cases has been observed in Europe (EFSA and ECDC, 2015) and
the United States (Crim et al., 2014) in the past few years, the incidence rate of
salmonellosis in Singapore has increased by almost 13 times in the past decade,
with an incidence rate of 2.3 cases per 100,000 population in 2003 compared with
32.1 cases per 100,000 population in 2013 (MOH, 2014).
Salmonellosis usually involves mild to moderate symptoms of gastroenteritis,
such as an acute onset of fever, abdominal pain, and diarrhea, and most patients
can recover without treatment (Omwandho and Kubota, 2010). However, invasive
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infection that spreads from intestines to other organs of the body via the blood-
stream can be severe and life-threatening if no prompt treatment is given (Lo¨fstro¨m
et al., 2009). The severe illness is more likely to occur and cause death in infants (<
1 year old) and the elderly (> 65 years old) with impaired immune systems, with
higher age-specific mortality rates ranging from 0.073 to 0.314 cases per 100,000
population compared with other age groups with rates from 0.002 to 0.030 cases
per 100,000 population (Cummings et al., 2012).
2.1.2 Salmonella Enteritidis and its outbreaks
S. Enteritidis has been reported to be the most common cause of salmonel-
losis in most parts of the world. In 2013, it was responsible for 39.5% of 82,694
laboratory-confirmed cases of salmonellosis in Europe (EFSA and ECDC, 2015),
while it accounted for 31.1% of 1,735 laboratory-confirmed cases of non-typhoidal
salmonellosis in Singapore (MOH, 2014). Similarly, S. Enteritidis was the most
commonly isolated serotype in the United States, which resulted in 19% of Salmonel-
la infections in 2013, followed by S. Typhimurium (14%) (Crim et al., 2014).
Most of the outbreaks caused by S. Enteritidis are associated with animal-
derived food commodities. During 1998–2008, S. Enteritidis caused 144 outbreaks
in the United States, of which 65% and 18% were attributed to eggs and poultry
(Jackson et al., 2013). Other animal-derived food commodities involved in those
outbreaks were beef and pork, which were responsible for 4% and 1% of the total
outbreaks in the same period, respectively (Jackson et al., 2013). In addition,
fresh produce has also been linked to the outbreaks caused by S. Enteritidis. A
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recent outbreak of S. Enteritidis in the United States was associated with bean
sprouts, which sickened 115 people from 12 states (CDC, 2015). Besides, a variety
of processed foods have been found to be contaminated with S. Enteritidis and cause
outbreaks. In Europe, buﬀet meals, bakery products, and sweets and chocolate
were implicated in 4.5%, 3.4% and 2.8% of 179 outbreaks caused by S. Enteritidis
in 2012, respectively (EFSA and ECDC, 2014).
2.2 Food-related environmental stress conditions
Stress is defined as an environmental condition that adversely aﬀects bacterial
growth or survival (Yousef and Courtney, 2003). The optimum growth temperature
and pH of Salmonella strains are 37 ◦C and pH 6.5–7.5, respectively (D’Aoust and
Maurer, 2007). Therefore, any temperature or pH that is above or below the opti-
mum range is considered as a stress to the bacteria. Traditional food preservation
techniques, such as refrigeration, heat treatment, lactic acid spray, and trisodium
phosphate dip, inhibit or kill Salmonella through manipulating environmental tem-
perature or pH. Therefore, Salmonella might be exposed to diﬀerent environmental
stresses during food processing and storage.
2.2.1 Cold stress
Refrigeration is one of the most widely used intervention techniques during
food transportation and storage (Davidson and Critzer, 2012). The chilling temper-
ature retards microbial growth by slowing down microbial metabolism (Davidson
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and Critzer, 2012). To ensure egg safety, Food and Drug Administration (FDA)
mandates that shell eggs being held or transported should be refrigerated at or
below 7.2 ◦C (45 ◦F) to prevent growth of S. Enteritidis (FDA, 2009). In addition,
a recent study found that growth of Salmonella on chicken meat was inhibited at
low temperatures ranging from −8 ◦C to 10 ◦C for at least 8 days (Oscar, 2014).
However, slight increases in temperature readily happen during commercial trans-
port, retail storage and display, which may result in mild cold stress conditions and
allow the growth of S. Enteritidis.
2.2.2 Heat stress
Heat treatment is the most eﬀective intervention technique to kill microor-
ganisms in foods (Davidson and Critzer, 2012). The United States Department
of Agriculture (USDA) regulates that the minimum temperature and holding time
for pasteurization of whole egg are 60 ◦C (140 ◦F) and 3.5 min, respectively (US-
DA, 2012). The recommended temperature and time combination is suﬃcient to
achieve more than 5 log reduction of S. Enteritidis as demonstrated by previous
studies (Michalski et al., 1999; Shah et al., 1991). Similarly, heat treatment has
also been shown to be very eﬀective for inactivation of Salmonella strains in chicken
and turkey (Juneja et al., 2001; Murphy et al., 2004). For example, heat treatment
of chicken or turkey at 70 ◦C for less than 1 min could reduce the population by
7 log CFU/g (Juneja et al., 2001). However, inadequate heat treatment, the most
common cause of Salmonella outbreaks, is likely to occur during food prepara-
tion (Murphy et al., 2004), which might contribute to heat stress conditions for S.
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Enteritidis.
2.2.3 Acidic or alkaline antimicrobial stress
Two antimicrobial agents, lactic acid (LA) and trisodium phosphate (TSP),
have been approved by USDA to be used on poultry carcasses as a spray or dip
to inhibit and reduce the growth of foodborne pathogens (USDA, 2015). The
antimicrobial activity of lactic acid is attributed to the presence of undissociated
molecules that are able to pass through the cell membrane and subsequently acidify
the cytoplasm of the microorganism by releasing protons (Yuk and Marshall, 2005);
while that of TSP is mainly associated with its strong alkalinity, which disrupts
the cytoplasmic and outer membranes of microorganism and thus results in the
release of intracellular contents and cell death (Sampathkumar et al., 2003). The
eﬀectiveness of LA and TSP against Salmonella spp. on poultry carcasses has been
investigated in several studies. Overall, previous results showed that treatment with
LA or TSP could reduce Salmonella spp. on poultry carcasses or parts (breast or
leg) by 0.8–2.2 and 0.6–3.7 log units, respectively (Buncic and Sofos, 2012; Loretz
et al., 2010). Despite their established eﬀectiveness, the residues of LA and TSP
might remain on poultry carcass surfaces or in the processing environment due
to the insuﬃcient washing after the decontamination treatment. Consequently,
survivors of S. Enteritidis might be exposed to acidic or alkaline stress conditions.
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2.3 Survival strategies under environmental stress
conditions
2.3.1 Changes in bacterial cell membrane lipid composition
The primary function of bacterial cell membrane is to act as a permeable bar-
rier to regulate the passage of nutrients and metabolic products into and out of the
cells (Yoon et al., 2015). Thus, membrane in an appropriate fluid status is crucial
to carry out its normal function (Mansilla et al., 2004). The fluidity of bacterial cell
membrane is largely dependent on its membrane lipid composition. It is known
that Gram-negative bacteria, such as Salmonella spp., regulate their membrane
fluidity by modifying the ratio of unsaturated (USFA) to saturated fatty acids (S-
FA) and the amount of cyclic fatty acids (CFA) in response to environmental stress
conditions (Yoon et al., 2015). For example, a decrease in the ratio of USFA/SFA
and an increase in the content of CFA were observed in S. Typhimurium as growth
pH decreased by the addition of organic acids (A´lvarez-Ordo´n˜ez et al., 2008).
The ratio of USFA/SFA is a well-accepted indirect indicator of membrane
fluidity (A´lvarez-Ordo´n˜ez et al., 2008; Annous et al., 1999; Yuk and Marshall,
2004). A lower ratio of USFA/SFA indicates a more rigid membrane because SFAs
have higher melting points than USFAs (Yuk and Marshall, 2004). On the other
hand, CFAs are synthesized from their corresponding USFAs by CFA synthase
(Annous et al., 1999). A higher amount of CFAs is also believed to contribute to a
more rigid membrane due to the higher melting points of CFAs compared to USFAs
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(Annous et al., 1999). The membrane rigidification would decrease the ability of
the organic acid to pass through the membrane and thus maintain pH homeostasis
(Yuk and Marshall, 2004).
The changes in the membrane lipid composition of S. Typhimurium in re-
sponse to other environmental stress conditions, such as low or high temperature,
osmotic stress, static magnetic field stress, and natural antimicrobials, have also
been well documented (A´lvarez-Ordo´n˜ez et al., 2008; Asakura et al., 2012; Dubois-
Brissonnet et al., 2011; Mihoub et al., 2012). The observed changes in membrane
lipid composition in these studies were believed to be a survival strategy, which
would protect S. Typhimurium against the adverse environmental conditions.
2.3.2 Changes in gene expression and induction of proteins
Bacteria respond to stresses by inducing the expression of stress-related pro-
teins that are involved in the protection or repair of stress-induced damage (Ray
and Bhunia, 2008). The first step to synthesize stress-related proteins is the tran-
scription of their corresponding genes with the help of RNA polymerase (RNAP)
(Wu, 2013). RNAP consists of a core enzyme with five subunits (α1, α2, β, β’,
and ω) and a sigma factor (σ) (Chung et al., 2006). The sigma factor is crucial
because it enables the specific binding of RNAP to gene promoters to initiate the
transcription process (Chung et al., 2006). Bacteria have one housekeeping sigma
factor and several alternative sigma factors. The housekeeping sigma factor (σD)
controls the transcription of essential genes under the normal condition, while one
or more alternative sigma factors regulate the transcription of a specific set of genes
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under a particular stress condition (Bang et al., 2005; Chung et al., 2006).
Salmonella spp. has five alternative sigma factors (σS, σH , σE, σN , σ28) (Bang
et al., 2005), which are induced under diﬀerent environmental stress conditions
and control diﬀerent sets of genes. σS (RpoS), encoded by rpoS, is the master
regulator of the general stress responses. It was first described to be activated
under starvation or in stationary phase, but now is known to also be induced
under other stress conditions, such as desiccation, heat, acid, oxidative, and osmotic
stress (Spector and Kenyon, 2012). More than 70 RpoS-dependent genes have been
identified and most of them are responsible for general stress resistance, which
contribute to bacterial tolerance to heat, acid, oxidation, osmotic stress, and UV
irradiation (Hengge-Aronis, 2002). Other genes under the control of RpoS include a
number of virulence-related genes and genes involved in biofilm formation (Hengge-
Aronis, 2002; Robbe-Saule et al., 2006). Thus, RpoS is crucial for not only stress
resistance but also virulence and biofilm formation.
σH (RpoH), encoded by rpoH, is induced primarily upon heat shock. Rpo-
H regulates the synthesis of more than 30 proteins known as heat shock proteins
(HSPs) (Spector and Kenyon, 2012). Most HSPs (DnaK, DnaJ, GroEL, GroES,
and GrpE) serve as molecular chaperones that are involved in import and proper
assembly of proteins, prevention of protein misfolding and aggregation, and stabi-
lization and refolding of denatured proteins to the active state (Voos, 2013). The
other HSPs are ATP-dependent proteases that digest irreversibly heat-damaged
proteins and assist in many cellular processes, including cell division, nucleic acid
synthesis, and motility (Morris, 1993). In addition, RpoH can also be induced un-
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der oxidative or dehydration stress (Bang et al., 2005; Gruzdev et al., 2012), and
some of HSPs appear to contribute to Salmonella virulence (Takaya et al., 2004).
The specific roles of the other three alternative sigma factors have not been
fully understood. It is known that σE, encoded by rpoE, is induced under extracy-
toplasmic stress and confers S. Typhimurium greater resistance to oxidative stress,
while σN and σ28, encoded by rpoN and fliA, regulate the expression of genes re-
quired for nitrogen metabolism and flagella synthesis, respectively (Kazmierczak
et al., 2005). Therefore, the presence of diﬀerent alternative sigma factors allows
the coordinated activation of diﬀerent sets of genes under adverse environmental
conditions and thereby enhances bacterial survival, resistance, or even virulence
and biofilm formation.
2.4 Bacterial stress response
2.4.1 Stress-induced resistance
The phenomena that pre-exposure of bacteria to a sublethal condition enables
them to resist subsequent exposure to the same or other types of stresses to which
they are normally susceptible have been widely documented and are defined as
adaptive response (Yousef and Courtney, 2003). The adaptive response of S. En-
teritidis after cold-, heat-, acid-, or alkali-shock has been investigated in several
studies. Jeﬀreys et al. (1998) found that the tolerance of S. Enteritidis to freez-
ing temperature was greatly increased if the cells were pre-treated at 10 ◦C for 30
min, with 1.67 log reduction at −78 ◦C for 144 h compared to the control cells
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with 2.35 log reduction. Leyer and Johnson (1992) reported that the number of
survivors after treatment at pH 3.85 for 60 min were 5 log higher when S. En-
teritidis cells were pre-exposed to HCl at pH 5.8 for one to two generation times.
Apart from greater resistance to the same type of stress, heat- or alkali-shock has
been shown to induce cross protection against other environmental stresses. For
example, Humphrey et al. (1993) observed that D-value of S. Enteritidis at 56 ◦C
or at pH 2.6 increased to more than 12- or 3-fold, respectively, after exposure
at 45 ◦C for 1 h. Similarly, Sampathkumar et al. (2004) showed that incubation
of S. Enteritidis in tryptic soy broth (TSB) at pH 10 or with 1.5% TSP for 1 h
significantly increased its tolerance to subsequent alkali (pH 11) and heat (55 ◦C)
treatment. The increased resistance described above has been linked to the changes
in the membrane lipid composition or the induction of stress proteins as described
in Section 2.3.
During food processing, foodborne pathogens can experience prolonged expo-
sure to an adverse environmental condition. It has found that not only short-term
exposure to a stress condition but also long-term one can induce bacterial adap-
tive response (den Besten et al., 2010; Yuk and Marshall, 2003). In addition, the
behavior of foodborne pathogens after lengthy exposure to a stress condition could
be diﬀerent from that experienced short-term stress. For example, Escherichia coli
O157:H7 after heat shock at 42 ◦C for 15 min or heat adaptation at 42 ◦C for 18
h became more heat resistant than the control cells without heat stress, but heat
adaptation conferred E. coli O157:H7 greater heat resistance compared to heat
shock. Moreover, the total verotoxin production was significantly reduced if E. coli
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O157:H7 cells were heat adapted while it was unaﬀected if cells were heat shocked
(Yuk and Marshall, 2003). Currently, little eﬀort has been made to investigate the
eﬀect of long-term stress on S. Enteritidis adaptive response. Therefore, further
studies are required to advance the understanding toward the adaptive response of
S. Enteritidis under long-term stress conditions.
2.4.2 Stress-induced virulence
To cause infections, Salmonella cells must endure the extreme pH in the s-
tomach, adhere to and invade the intestinal epithelial cells, and defend themselves
against host innate immune systems (Dubois-Brissonnet, 2012). The normal pH
of gastric acid ranging from 1.5 to 3.5 is lethal to Salmonella cells and thus the
number of ingested Salmonella cells is greatly reduced in the stomach. For this
reason, a high infective dose (> 106 cells) is usually needed to cause an infection
(A´lvarez-Ordo´n˜ez et al., 2012). However, recent studies showed that acid adapta-
tion could increase the acid resistance of several Salmonella serotypes in simulated
gastric fluid (SGF) (Perez et al., 2010; Yuk and Schneider, 2006). The ability of
Salmonella to resist the killing eﬀect of stomach acid increases its chance of coloniz-
ing the intestines and causing an infection, hence a lower infective dose is suﬃcient
to cause a disease (de Jonge et al., 2003). Greater acid resistance can be induced by
not only acid stress but also other environmental stress conditions as described in
Section 2.4.1. Therefore, any environmental stress that increases Salmonella acid
resistance might enhance its virulence by lowering its infective dose.
Another important virulence trait of Salmonella is its ability to adhere to and
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invade host intestinal epithelial cells. Several stress conditions have also been found
to enhance Salmonella adherence or invasion ability both in vivo and in vitro. Perez
et al. (2010) investigated the eﬀect of acid adaptation on survival of S. Enteritidis
in Rattus norvegicus intestine infection and found that the number of acid-adapted
cells was higher in the intestinal samples but lower in feces when compared to
that of non-adapted cells, suggesting that acid-adapted S. Enteritidis had greater
intestinal invasion capacity. In addition, Stackhouse et al. (2012) reported that
S. Enteritidis formed filaments under desiccation conditions and the filamentous
cells could achieve a similar level of gastrointestinal colonization and liver or spleen
infection in the mouse model compared to the control cells, even when 100-fold less
cells were used. The lower infective dose might be attributed to the septation of
filaments in the gastrointestinal tract, which would lead to a rapid increase in cell
number.
Besides, several in vitro studies showed that heat shock (42 ◦C, 30 min), or
adaptation to cold stress (5 ◦C, 48 h) or high osmolarity (4% NaCl, 24 h) could
significantly enhance the ability of S. Typhimurium or S. Enteritidis to adhere
to or/and invade the Caco-2 intestinal epithelial cells (Shah et al., 2013; Sirsat
et al., 2011; Yoon et al., 2013). Although some environmental stress conditions can
promote Salmonella adherence to or invasion of epithelial cells, the others have no
eﬀect or even have an inhibitory eﬀect (Calhoun and Kwon, 2010; Sirsat et al.,
2011; Yoon et al., 2013). In addition, the eﬀect of stress conditions on Salmonella
virulence can diﬀer among diﬀerent Salmonella serotypes (Perez et al., 2010; Yoon
et al., 2013).
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The enhancement of virulence generally correlates with significant induction
of virulence-related genes. For example, heat shock at 42 ◦C for 30 min increased
S. Typhimurium adherence to Caco-2 cells from 6.3% to 11.7%, and the increased
adherence is possibly due to the upregulation of adherence-related genes (ssaP,
sseA, and sseB) by the thermal stress (Sirsat et al., 2011). Similarly, cold adap-
tation of S. Typhimurium cells at 5 ◦C for 48 h has been reported to induce the
expression of several virulence-related genes, which could explain the increased ad-
herence and invasion of Caco-2 cells after cold stress (Shah et al., 2013). Therefore,
the expression of virulence-related genes is highly dependent on the environmental
conditions, and the conditions encountered in a food processing environment might
induce virulence gene expression and increase Salmonella virulence.
2.4.3 Biofilm formation
Biofilm is an aggregate of microorganisms embedded within a self-produced
matrix of extracellular polymeric substances (EPS) (Vu et al., 2009). Biofilm for-
mation is considered as a survival strategy employed by bacteria under various
stress conditions because it greatly increases bacterial resistance to harsh condi-
tions compared to their planktonic counterparts (Jeﬀerson, 2004). The develop-
ment of biofilm is a multi-stage process that involves initial attachment, formation
of microcolonies, and biofilm maturation (Chmielewski and Frank, 2003).
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2.4.3.1 Factors influencing initial attachment
The initial attachment can be roughly divided into two stages: reversible and
irreversible attachment (Palmer et al., 2007). In the first stage, bacterial cells are
close but not yet in contact with the surface and the attachment involves van der
Waals forces, electrostatic forces and hydrophobic interactions between bacterial
cells and contact surface. In the second stage, bacterial cells firmly attach to the
surface by flagella, fimbriae and other surface structures. Therefore, hydrophobicity
and surface charge of both bacterial cells and contact surface, as well as, bacterial
cell surface structures may play crucial roles in the attachment of bacterial cells to
a contact surface.
2.4.3.1.1 Bacterial cell surface hydrophobicity The hydrophobicity of bac-
terial cell surface that can be either hydrophobic or hydrophilic is largely depen-
dent on the residues and structures on the surface of the cell (Goulter et al., 2009).
Currently, no method exists for direct measurement of cell surface hydrophobicity
(Goulter et al., 2009). The indirect measurement methods, including bacterial ad-
hesion to hydrocarbon (BATH) method, contact angle measurement (CAM), and
hydrophobic interaction chromatography (HIC), determine the interaction between
cells and a hydrophobic/hydrophilic material as an index of hydrophobicity (Wang
et al., 2015).
In general, Salmonella strains have been reported as being hydrophilic in
nature, regardless of the method used to determine cell surface hydrophobicity
(Bouttier et al., 1997; Chia et al., 2008, 2011; Nguyen et al., 2011a; Oliveira et al.,
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2006, 2007; Wan Norhana et al., 2009). However, the degree of hydrophobicity
is highly dependent on Salmonella serotypes and strains (Chia et al., 2008). In
addition, environmental conditions, such as temperature, pH, and growth medium,
can also influence cell surface hydrophobicity because they can modify the chemical
composition of the cell surface (Chia et al., 2008). The alteration of cell surface
hydrophobicity by diﬀerent environmental conditions has been studied in Listeria
monocytogenes (Briandet et al., 1999a; Smoot and Pierson, 1998; Szlavik et al.,
2012), but relatively little information is available for Salmonella strains.
The hydrophobicity of the cell surface is important in adhesion because the
hydrophobic interactions between bacterial cells and solid surface are normally the
strongest of all noncovalent interactions (van Oss, 2003). The relationship between
hydrophobicity and attachment ability of Salmonella strains has been investigated
by several research groups. Some of them observed a positive correlation between
these two parameters (Chia et al., 2009; Wan Norhana et al., 2009), while the
others found that there was no correlation (Nguyen et al., 2011a; Oliveira et al.,
2006, 2007). The lack of a correlation is possibly due to the fact that the adhesion
process is not only dependent on the cell surface hydrophobicity but also on the
solid surface, and thus various factors need to be investigated in order to gain a
better understanding of the attachment process.
2.4.3.1.2 Bacterial cell surface charge The surface charge of bacterial cell-
s is attributed to the ionization of functional groups (carboxyl, phosphate, and
amino) of macromolecules that are present in the cell wall (Wilson et al., 2001).
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The charge on the cell surface is usually expressed as zeta potential, which is most
commonly calculated from the mobility of bacterial cells in an electric field (Wilson
et al., 2001).
Salmonella strains are generally negatively charged but the degree of this neg-
ative charge varies between serotypes and strains (Bouttier et al., 1997; Chia et al.,
2008, 2011; Nguyen et al., 2011a; Wan Norhana et al., 2009). In addition, the sur-
face charge of bacteria is also influenced by the surrounding environment, although
no attempt has been made to examine the eﬀect of environmental conditions on the
surface charge of Salmonella strains. The negative charge of Salmonella strains is
due to the excess of carboxyl and phosphate groups located in the cell wall (Goul-
ter et al., 2009). Since most solid surfaces are negatively charged (Palmer et al.,
2007), electrostatic interactions between a solid surface and Salmonella strains are
repulsive.
It has been demonstrated that long-range electrostatic forces could influence
the initial phase of bacterial adhesion to solid surfaces (Dickson and Koohmaraie,
1989; Ukuku and Fett, 2002; van Loosdrecht et al., 1987). Therefore, several studies
have been carried out to investigate the eﬀect of bacterial surface charge on the
initial attachment of Salmonella strains to contact surfaces. Although a correlation
between cell surface charge and attachment of Salmonella strains to Teflon surface
was observed by Chia et al. (2009), the others suggested that there was a lack
of correlation between cell surface charge and Salmonella attachment to various
surfaces (Bouttier et al., 1997; Nguyen et al., 2011a; Wan Norhana et al., 2009). The
failure of surface charge to explain bacterial attachment could be that the influence
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of electrostatic interactions is relatively weaker compared to other interactions and
it might be significant when hydrophilic but highly charged bacteria were tested
(Wang et al., 2015).
2.4.3.1.3 Bacterial cell surface structures Bacterial cell surface structures
are also important for the interaction between bacterial cells and solid surfaces.
The outer surface structures of Salmonella, which may aﬀect its adhesion to solid
surfaces, include flagella, fimbriae, lipopolysaccharide (LPS), and surface proteins.
The diﬀerent roles of these structures in bacterial attachment to various surfaces
are discussed below.
Flagella are hair-like appendages that protrude through the cell wall and are
responsible for cell motility (Simo˜es et al., 2010a). Flagella-mediated motility is
believed to be critical for initial cell-to-surface contact because it allows bacteri-
al cells to overcome the repulsive energy barrier between the cell and the surface
(Van Houdt and Michiels, 2010). Besides, flagella can also exert a direct impact
on bacterial attachment to some surfaces. Prouty and Gunn (2003) reported that
flagella, rather than motility, were required to maintain the attachment of S. Ty-
phimurium to gallstone, although flagella-mediated motility was important for cell
attachment to glass. The positive role of flagella in Salmonella attachment has also
been reported by Kim and Wei (2009) who found that mutation of a gene encod-
ing flagella reduced Salmonella attachment to various surfaces, including polyvinyl
chloride, stainless steel, and glass. However, it is unknown whether the decreased
attachment is due to the lack of flagella or motility.
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Fimbriae are also hair-like structures on the surface of bacterial cells, but they
are smaller and more numerous than flagella (Duguid et al., 1966). Fimbriae are
important for bacterial attachment because they act as adhesins to help bacterial
cell stick to the surface (Van Houdt and Michiels, 2010). Salmonella possesses
several types of fimbriae (Thorns and Woodward, 2000), and it is known that some
of them are indispensible for Salmonella adhesion. For example, Type 1 fimbriae
have been reported to play a role in the adherence of S. Enteritidis to Teflon and
stainless steel (Austin et al., 1998). In addition, the authors also found that curli
fimbriae were responsible for cell aggregation during biofilm formation. Similarly,
Woodward et al. (2000) observed that mutant strains of S. Enteritidis unable to
elaborate curli fimbriae and SEF 14 (Salmonella Enteritidis fimbriae 14) had poor
adherence to polystyrene. However, their study showed that Type 1 fimbriae,
plasmid encoded fimbriae, and long polar fimbriae did not aﬀect S. Enteritidis
adherence capability. Apart from functioning as adhesins, fimbriae may mediate
Salmonella adhesion by modifying the physicochemical properties of cell surface.
It was found that fimbriated S. Typhimurium cells achieved greater attachment to
mineral particles compared to nonfimbriated ones, and this was possibly due to
that they had higher surface hydrophobicity and surface charge (Stenstro¨m and
Kjelleberg, 1985).
The LPS molecule of Gram-negative bacteria is usually composed of lipid A,
core polysaccharides, and O-specific polysaccharide (also referred to as O-antigen)
(Kim and Wei, 2009). The hydrophobic lipid A portion resides within the outer
membrane, while the hydrophilic polysaccharide portion projects into the exter-
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nal environment (Shnyra et al., 1993). In addition, core polysaccharide contains
negatively charged phosphate and carboxyl groups, which contribute to the over-
all surface charge of bacterial cells (Shnyra et al., 1993). In S. Typhimurium, a
mutant that produced an incomplete core polysaccharide exhibited decreased ca-
pability to attach to polyvinyl chloride, stainless steel, and glass (Kim and Wei,
2009). Likewise, a mutant of S. Typhimurium lacking of O-antigen was unable
to attach to a hydrophilic glass surface but could attach to hydrophobic gallstone
surface (Prouty and Gunn, 2003). Therefore, LPS might play an important role in
Salmonella attachment to hydrophilic surfaces.
Other surface structures of Gram-negative bacteria that are involved in bacte-
rial adhesion to contact surfaces include surface proteins. So far, the roles of several
surface proteins, including BapA, SiiE, SadA, MisL, and PagN, in Salmonella ad-
hesion to epithelial cells and plant tissues have been investigated (Jaglic et al.,
2014; Latasa et al., 2005), but their potential influence on Salmonella adhesion to
abiotic surfaces is yet to be determined. The importance of two surface proteins
that are homologous to BapA in bacterial adhesion to abiotic surfaces has been
demonstrated in Enterococcus faecalis and Staphylococcus aureus. Esp (enterococ-
cal surface protein) has been reported to promote the primary attachment of E.
faecalis to a polystyrene surface (Toledo-Arana et al., 2001), while Bap (biofilm
associated protein) has also been found to enhance the attachment of S. aureus to
polystyrene, polyvinylchloride, and glass surfaces (Cucarella et al., 2001). Thus,
surface proteins of Salmonella might have a great impact on its adhesion to abiotic
surfaces.
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2.4.3.1.4 Properties of the contact surface Other than the physicochemi-
cal properties of bacteria, the properties of contact surfaces are another important
factor to explain bacterial attachment. It has been found that surfaces with higher
roughness retain more bacterial cells compared to those with low roughness (Arnold
and Bailey, 2000; Schlisselberg and Yaron, 2013), and this is possibly because that
higher roughness increases the available surface area as well as protects the en-
trapped cells from shear forces of bulk liquid (Chia et al., 2009). However, surface
roughness does not always correlate with bacterial adhesion, and the topography
of surfaces such as pits and crevices that have similar sizes to the bacteria has been
reported to enhance bacterial retention (Flint et al., 2000).
Besides surface roughness and topography, hydrophobicity and surface charge
also play crucial roles in the attachment of bacterial cells to contact surfaces.
Fletcher and Loeb (1979) compared the attachment of a marine Pseudomonas
strain to a number of surfaces and found that the strain was more prone to at-
tach to hydrophobic plastics with little or no surface charge than to hydrophilic
surface with negative charge. Similarly, Sinde and Carballo (2000) investigated
the attachment of several Salmonella and L. monocytogenes strains to stainless
steel, rubber and polytetrafluorethylene (PTFE). The results also showed that the
attachment of bacteria to a more hydrophobic material (PTFE) was higher than
that to less hydrophobic ones (rubber and stainless steel). In addition, the wash-
ing procedure that resulted in a decrease in the hydrophobicity of the material
significantly reduced the subsequent bacterial attachment. The similar phenome-
na that hydrophobic surfaces allow greater bacterial attachment than hydrophilic
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surfaces have also been observed in S. epidermidis and E. coli (Faille et al., 2002;
Sousa et al., 2009). On the contrary, Flint et al. (2000) observed that more thermo-
resistant streptococci were attracted by hydrophilic glass surfaces than hydrophobic
silicone coated glass, and bacterial attachment was favored by negatively charged
stainless steel surface compared to positively charged one. On the other hand, Chia
et al. (2009) and Oliveira et al. (2006) even found that there was no correlation
between Salmonella adhesion and the hydrophobicity of the surfaces. The contra-
dictory observations are probably due to the diﬀerent bacterial strains and contact
surfaces used for the studies because attachment is the result of the net interaction
between bacterial cells and contact surface.
2.4.3.2 Environmental factors influencing biofilm development
The biofilm-forming capabilities of bacteria are highly dependent on the sur-
rounding environment, which may aﬀect the expression of bacterial cell surface
structures and the production of EPS. The environmental conditions that are
known to aﬀect biofilm formation including temperature, pH and growth medi-
um are discussed below.
2.4.3.2.1 Temperature The biofilm formation of Salmonella strains at a wide
range of temperatures has been investigated in the last decade. Stepanovic´ et al.
(2003) determined the quantity of biofilm formed by 30 Salmonella strains at diﬀer-
ent temperatures (22, 30, and 37 ◦C) and showed that the highest amount of biofilm
was observed at 30 ◦C after 24 h of incubation but at 22 ◦C after 48 h of incuba-
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tion. Giaouris et al. (2005) and Karaca et al. (2013) concluded that the optimal
temperature for Salmonella to form biofilm was 20 ◦C after comparing the biofilm
formation of several Salmonella strains at 5, 20, and 37 ◦C. Likewise, Lianou and
Koutsoumanis (2012) chose five diﬀerent temperatures (4, 8, 15, 25, and 37 ◦C)
to investigate the temperature eﬀect and found that 32 out of 60 Salmonella s-
trains produced the highest amount of biofilm at 25 ◦C. The greater amount of
biofilm formed at 20 to 30 ◦C might be attributed to the fact that the expression
of curli fimbriae and cellulose in Salmonella strains is induced at 25 ◦C but not at
37 ◦C (Castelijn et al., 2012; Ro¨mling et al., 1998). Therefore, these results demon-
strate that the optimal temperature for bacterial growth might not be the optimal
one for biofilm formation, and temperature that is near room temperature favors
Salmonella biofilm formation.
2.4.3.2.2 pH Compared to the eﬀect of temperature, less consistent results
have been obtained regarding the eﬀect of pH on biofilm formation by Salmonella
strains. Giaouris et al. (2005) observed that S. Enteritidis produced the densest
biofilm at pH 6.5, followed by pH 7.4, 5.5 and 4.5 at 96 h of incubation, but biofilm
formation at 168 h of incubation was independent of the pH value. Lianou and
Koutsoumanis (2012) assessed the biofilm-forming ability of 60 Salmonella strains
at various pH (pH 3.8, 4.5, 5.5, and 7.0) conditions and showed that 58.3% of
tested strains exhibited the greatest biofilm-forming ability at pH 5.5. In addition,
Karaca et al. (2013) quantified the biofilms produced by Salmonella strains on
polystyrene and stainless steel and found that the optimal pH for S. Typhimurium
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DMC4 and S. Roughform to form biofilm on polystyrene surface was pH 7.4 and
5.5, respectively; while both strains produced equal amounts of biofilm at pH 6.4,
7.0, and 7.4 on stainless steel surface, which was significantly higher compared to
that formed at pH 4.5 and 5.5. To date, only one study has been carried out to
investigate the eﬀect of an alkaline condition on biofilm formation and the results
demonstrated that biofilm formation of S. Enteritidis on polystyrene surface was
higher at pH 8, but biofilm formation on glass surface was not influenced by the
culture pH (pH 6, 7, and 8) (Mafu et al., 2011). These results suggest that the
eﬀect of pHs on biofilm formation by Salmonella strains is variable, which might
rely on the incubation time, bacterial strains, and solid surfaces.
2.4.3.2.3 Growth media Other than temperature and pH, growth medium
has also been found to aﬀect Salmonella biofilm formation on solid surfaces. For ex-
ample, Patel and Sharma (2010) found that biofilm formation of several Salmonella
serotypes to polystyrene surface was significantly higher in TSB than that in Luria-
Bertani (LB) broth, indicating that the composition of the media is an important
factor for Salmonella biofilm formation. The composition of growth media aﬀecting
Salmonella biofilm formation has also been reported by Kroupitski et al. (2009),
who observed that the absence of NaCl in LB broth (LBNS) promoted the biofilm
formation of Salmonella strains with a strong ability to produce biofilms (strong-
producers) but did not aﬀect that of the weak-producers. In addition, the addition
of glucose into LBNS inhibited the biofilm formation of the strong-producers but
promoted the biofilm formation of the weak-producers.
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Besides, nutrient availability may also influence the ability of Salmonella s-
trains to form biofilm. Although Patel and Sharma (2010) reported that biofilm
density of Salmonella strains in LB and diluted (1:10) LB was not significantly dif-
ferent, Kroupitski et al. (2009) pointed out that dilution of LB led to a significant
reduction in the biofilm density of several Salmonella strains. The diﬀerent eﬀects
of nutrient availability on Salmonella biofilm formation have also been observed
using TSB and diluted TSB as growth media. Stepanovic´ et al. (2004) determined
the quantity of biofilms produced by 122 Salmonella strains in TSB and 20 times
diluted TSB (1/20 TSB) and found that 73% of total strains produced the highest
quantity of biofilm in 1/20 TSB than TSB at 35 ◦C. The higher biofilm formation
in 1/20 TSB was believed to relate to the activity of AgfD promoter that regu-
lates the synthesis of curli and cellulose, because the maximal expression of agfD
was observed in minimal medium under aerobic conditions (Gerstel and Ro¨mling,
2001). However, Castelijn et al. (2012) demonstrated that all S. Typhimurium
strains produced denser biofilms in TSB than 1/20 TSB at 37 ◦C, while 22 out
of 51 strains formed more biofilms in 1/20 TSB compared to TSB at 25 ◦C. In-
terestingly, studies carried out by Patel and Sharma (2010) and Kroupitski et al.
(2009) suggest that incubation in 1/20 TSB at 30 ◦C had no significant eﬀect on
biofilm mass compared to that in TSB for 92% of the tested Salmonella strains.
The diﬀerent results indicate that the eﬀect of nutrient availability on Salmonella
biofilm formation might be dependent on growth medium, bacterial strains, and
tested temperature.
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2.4.3.3 Biofilm resistance to sanitizer
2.4.3.3.1 Mechanism of biofilm resistance to sanitizers It has been well
established that Salmonella cells within biofilms are less susceptible to sanitizer
treatment in comparison to their planktonic counterparts (Joseph et al., 2001;
Møretrø et al., 2009; Somers et al., 1994; Wong et al., 2010b). The increased
resistance of biofilm cells has been attributed to several mechanisms and one of
them is the reduced diﬀusion of antimicrobials into biofilms. It is known that
matured biofilms exhibit a complex three-dimensional structure with multilayers of
bacterial cells and extracellular matrix. The three-dimensional structure, especially
the extracellular matrix, can act as a molecular sieve to hinder the diﬀusion of
antimicrobials (Flemming and Wingender, 2010). The decreased diﬀusion as the
molecular weight of organic matter increased due to size exclusion has been reported
(Carlson and Silverstein, 1998).
Besides, the extracellular matrix contains organic compounds, such as proteins,
nucleic acids, and carbohydrates, which may act as absorbents or neutralizers. On
one hand, organic compounds with anionic groups or cationic groups can trap
antimicrobials with positive or negative charges due to electrostatic interactions
(Flemming and Wingender, 2010). On the other hand, organic matters can react
with chemically reactive antimicrobials like chlorine to impair its eﬃciency (de Beer
et al., 1994). Moreover, enzymes that are present in the extracellular matrix may
also take part in the neutralization of toxic antimicrobial compounds. It has been
reported that hydrogen peroxide could diﬀuse and partially kill P. aeuroginosa cells
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within the biofilm formed by a catalase-deficient strain but not the wild-type strain
(Stewart et al., 2000). The presence of catalase protects cells by preventing full
diﬀusion of hydrogen peroxide into the biofilm.
Other mechanisms involved in biofilm resistance may include reduced growth
rate, activation of general stress response, and induction of a biofilm-specific phe-
notype (Mah and O’Toole, 2001). Cells that are deep in the biofilm experience
lower concentrations of oxygen and nutrient and thus exhibit decreased growth
rate. The reduced growth rate is assumed to contribute to the increased resis-
tance because most antimicrobials only target actively growing bacteria (Gerdes
and Ingmer, 2013).
Besides, nutrient limitation and oxygen availability are factors that can in-
duce the expression of global regulators, which control a wide range of adaptive
physiological and regulatory circuits (Hamilton et al., 2009). Consequently, the
up-regulation of genes that defend oxidative, heat, or cell envelop stress, and genes
responsible for DNA replication and repair was observed in S. Typhimurium biofilm
cells compared to planktonic cells (Hamilton et al., 2009). The induction of gen-
eral stress responses might be another possible mechanism that contributes to the
increased biofilm resistance.
Moreover, the existence of persisters might also be responsible for the recal-
citrance of biofilms toward antimicrobials. Persisters are a subpopulation of the
biofilm cells that are phenotypically distinct but genetically identical to the rest
of the population (Lewis, 2010). They can survive the antimicrobial treatments
that kill their genetically identical counterparts (Dhar and McKinney, 2007). The
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formation of persisters has been linked to toxin-antitoxin (TA) modules, as toxins
can inhibit essential cellular processes (e.g., translation or replication) and thus
promote bacterial cells to switch into a dormant state (Lewis, 2010). This state
of dormancy enables cells to escape the damaging eﬀect of antimicrobials (Wood
et al., 2013).
2.4.3.3.2 Factors influencing biofilm resistance to sanitizers
a Biofilm age
It is generally believed that biofilm cells display greater resistance to antimi-
crobial agents as biofilm age increases (Wong et al., 2010a). The increased
biofilm resistance of Salmonella strains with increasing age has been observed
in several studies. Korber et al. (1997) found that treatment with 10% TSP
for 15 s killed all the cells in 48-h biofilms formed by S. Enteritidis whereas
2% of the total cells in 72-h biofilms survived. Similar findings have also
been reported by Corcoran et al. (2014) that the eﬃciency of sodium hydrox-
ide, sodium hypochlorite and benzalkonium chloride against 168-h biofilms
formed by S. Typhimurium SL 1344 or S. Agona SL483 was significantly
lower compared to that against 48-h biofilms. About 7.60, 1.11, and 0.83
log reductions were achieved after exposure of S. Typhimurium cells in 48-h
biofilm to the three disinfectants for 90 min, while only 2.02, 0.34, 0.10 log
reductions were observed for 168-h biofilm.
Interestingly, a study conducted by Ramesh et al. (2002) demonstrated that
disinfectants containing a quaternary ammonium compound (QAC) or an
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enzymatic compound as an active ingredient were less eﬀective against a 4-d-
old Salmonella biofilm than a 3-d-old biofilm while a disinfectant containing
iodine was more eﬀective against the older biofilm than the younger one,
which indicates that the eﬀect of biofilm age on the resistance of Salmonella
biofilm is dependent on the type of sanitizers. In contrast, Wong et al. (2010a)
suggested that 3-, 5-, and 7-day-old biofilms of S. Typhimurium exhibited
similar levels of resistance to various disinfectants.
All studies mentioned above were carried out under fixed environmental con-
ditions (temperature and pH) and using the same surface. A recent study by
Nguyen and Yuk (2013) tested the eﬃcacy of industrial sanitizers against S.
Typhimurium biofilms formed under diﬀerent temperature and pH conditions
and on two solid surfaces. Their observations showed that the resistance of
Salmonella biofilms to industrial sanitizers could be increased, unchanged, or
even decreased as biofilm aged, which relied on the environmental conditions
and the surface being tested. Therefore, biofilm age has complex impacts on
the resistance of Salmonella biofilms to sanitizers and no general conclusion
can be drawn.
b Environmental condition
The environmental conditions such as temperature, pH and nutrient com-
position on biofilm formation have been extensively studied. However, very
few studies have been carried out to examine the eﬀect of environmental con-
ditions on biofilm resistance against sanitizing agents. Belessi et al. (2011)
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investigated the resistance of L. monocytogenes biofilms formed under diﬀer-
ent temperature (5 and 20 ◦C ), pH (pH 5 and 7) and osmotic stress conditions
(0.5, 7.5, and 9.5% NaCl) against various sanitizing agents, including QAC,
peroxyacetic acid (PAA) and chlorine (Cl). The results showed that biofilms
formed at 20 ◦C were more resistant to PAA than those formed at 5 ◦C, while
salt concentration in the growth medium did not greatly aﬀect the biofilm
resistance to PAA. In addition, biofilm formed under pH 7 was found to be
more resistant to all tested sanitizers compared to that formed under pH 5.
Nguyen and Yuk (2013) used the same sanitizers to study the eﬀect of growth
temperature (28, 37, and 42 ◦C) and pH (pH 6 and 7) on the resistance of
S. Typhimurium biofilms. They reported that the eﬀect of growth condi-
tion on resistance of biofilm was dependent on biofilm age, solid surface, and
sanitizing agents. Significant diﬀerence in biofilm resistance among diﬀerent
temperatures and between diﬀerent pHs was observed for 168-h biofilm on
stainless steel surface but not for biofilms formed for 24, 48, and 96 h or
on acrylic surface. At pH 6, the resistance of biofilm formed at 37 ◦C was
strongest to all sanitizers, followed by 28 and 42 ◦C. However, growth tem-
perature did not aﬀect biofilm resistance at pH 7. As for the eﬀect of pH,
biofilm formed at pH 6 and 37 ◦C was more resistant to QAC and PAA com-
pared to that formed at pH 7. However, the protective eﬀect of an acidic
condition on biofilm resistance was not observed at other temperatures (28
and 42 ◦C) or when chlorine was used as the sanitizer.
Similarly, studies investigating the resistance of P. aeruginosa and S. aureus
36
biofilms formed at diﬀerent growth temperatures (20, 30 and 37 ◦C) to san-
itizer treatment demonstrated that the eﬀect of growth temperature on the
biofilm resistance was related to the bacterial strains, the incubation time and
the sanitizer used (Abdallah et al., 2015, 2014). At 24 h, increasing the growth
temperature from 20 to 37 ◦C increased the biofilm resistance of S. aureus to
all tested sanitizers, but it resulted in either an increase or a decrease in the
biofilm resistance of P. aeruginosa, which was dependent on the sanitizer test-
ed. At 48 h, higher growth temperature generally decreased biofilm resistance
to sanitizers regardless of bacterial strains, although increased resistance of
biofilm formed by S. aureus was observed when a sanitizer containing bis(3-
aminopropyl) dodecylamine and diecyldimethylammonium chloride was used
for the test. To explore the possible mechanism, the authors also determined
the production of biofilm matrix (protein and carbohydrate) and membrane
fluidity. However, the results showed that biofilm matrix and membrane flu-
idity of biofilm cells could only partially explain the resistance of biofilms
formed under diﬀerent conditions.
These findings suggest that environmental conditions under which biofilms
are formed could exert great impacts on the resistance of biofilms against san-
itizers. However, the mechanisms behind the altered resistance of biofilms by
environmental conditions are not fully understood. The alteration might be
linked to the presence of curli fimbriae and EPS, or the changes in membrane
fluidity because these factors are not only involved in biofilm resistance but
also greatly influenced by environmental conditions (Abdallah et al., 2015,
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2014; Nguyen and Yuk, 2013).
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Chapter 3
Eﬀect of Temperature Stress on Salmonella
Enteritidis Heat/Acid Resistance, Membrane
Lipid Composition and Stress/Virulence Related
Gene Expression
3.1 Introduction
Salmonella Enteritidis, a Gram-negative facultative anaerobe, has been re-
ported as the predominant cause of human salmonellosis in the world (Hendriksen
et al., 2011). To inhibit or kill the foodborne pathogen, cold storage and heat
treatment are the most widely used intervention techniques during food storage
and processing (Davidson and Critzer, 2012). However, temperature abuse caused
by inadequate storage or cooking is likely to occur (Laguerre et al., 2013), which
contributes to a mild cold- or heat-stressed condition for the pathogens. Pathogens
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surviving the temperature abuse may become more virulent and have greater re-
sistance to subsequent exposure to lethal conditions (A´lvarez-Ordo´n˜ez et al., 2008;
Evrendilek and Zhang, 2003; Humphrey et al., 1993; Sirsat et al., 2011).
The mechanisms involved in bacterial stress responses are not fully understood.
However, a relationship between membrane lipid profile and bacterial heat and
acid resistance has been established to elucidate the increased resistance (A´lvarez-
Ordo´n˜ez et al., 2008, 2009a). In addition, several studies showed that many types
of shock proteins or genes were induced under stress conditions (Sampathkumar
and Dugan, 2010; White-Ziegler et al., 2008), which were supposed to provide
protection to DNA and many enzymes. It is known that expression of stress-
related genes is initiated by alternative sigma factors, such as RpoS and RpoH
(Ray and Bhunia, 2008). Thus, it is hypothesized that unfavorable temperatures
might alter S. Enteritidis membrane lipid composition and the transcription levels
of rpoS and rpoH, contributing to its stress responses under these conditions.
Although the responses of S. Typhimurium against heat or cold stress have
been studied in the past few decades (A´lvarez-Ordo´n˜ez et al., 2010, 2008; Mackey
and Derrick, 1986; Sampathkumar and Dugan, 2010), little is known about the
responses of S. Enteritidis under such conditions. Moreover, most of the studies
focused on the changes in Salmonella heat- and/or acid-tolerance and membrane
lipid composition under stress conditions, and the alteration in its virulence status
and stress-related gene expression is largely unknown. Therefore, the objective
of the study in this chapter was to determine the eﬀect of temperature stress on
membrane lipid profile and stress-related gene expression for a better understanding
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of their roles in S. Enteritidis heat and acid resistance at lethal temperatures and
in simulated gastric fluid (SGF), respectively. In addition, several virulence-related
gene expressions of S. Enteritidis in response to low or high growth temperature
were investigated at the transcriptional level.
3.2 Material and methods
3.2.1 Bacterial strain and culture conditions
Salmonella Enteritidis (ATCC13076) was purchased from the American Type
Culture Collection (Manassas, VA, USA) and preserved at −80 ◦C. The lyophilized
culture was transferred into a test tube containing 10 mL of sterile tryptic soy
broth (TSB) (Oxoid, Basingstoke, UK) and incubated at 37 ◦C for 18 h. After two
consecutive transfers at 37 ◦C for 18 h, a working culture was used for the following
experiments.
3.2.2 Growth kinetics of S. Enteritidis at diﬀerent temper-
atures
One milliliter of a working culture was centrifuged at 3,500 ×g, 4 ◦C for 10
min. The pelleted cells obtained were washed twice with 0.1% (w/v) peptone water
(Oxoid). Subsequently, the pelleted cells were resuspended in 1 mL of 0.1% peptone
water and serially diluted to a final concentration of 104 CFU/mL. One milliliter
of the cell suspension (104 CFU/mL) was inoculated into a sterile flask containing
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99 mL of TSB to achieve an initial population of 102 CFU/mL and incubated at
10, 25, 37, and 42 ◦C. Cultures grown at 37 ◦C were used as control.
Cell growth was monitored by withdrawing 1 mL of samples at appropriate
intervals. Samples were serially diluted with 0.1% peptone water, if required. The
number of viable cells in the suspension was enumerated by spiral plating (WASP 2,
Don Whitley Scientific Ltd., West Yorkshire, UK) on tryptic soy agar (TSA) plates
and incubated at 37 ◦C for 24 h before automated colony counting was performed
(Acolyte, Synbiosis, Frederick, MD, USA). Number of viable cells, expressed as
log CFU/mL, was plotted against time. Growth curves were generated by fitting
the data to the modified Gompertz equation (Gibson et al., 1987) using MATLAB
software (MATLAB Version 7.12, The MathWorks Inc., Natick, MA):
G (t) = A+ C × exp [− exp (−B × (t−M))] (3.1)
Where G(t) is the log count of the number of bacteria at time t (h), A is the
log count as t decreases indefinitely, C is the increase in the log count as t increases
indefinitely, M is the time (h) at which the absolute growth rate is maximum, and
B is the relative growth rate at M. The growth parameters such as specific growth
rate (SGR = BC/e), lag phase duration (LPD = M – (1/B)), generation time (GT
= log 2e/BC ), and maximum population density (MPD = A + C ) were calculated.
42
3.2.3 Determination of heat resistance
Adapted and control cells, prepared by incubating the cultures at diﬀerent
temperatures until they reached the mid-stationary phase, were diluted with 0.1%
peptone water to a concentration about 109 CFU/mL and 0.1 mL of the diluted
culture was inoculated into 10 mL of fresh TSB. Two-milliliter aliquots of the in-
oculated TSB was transferred to an aluminum can (20 mm I.D. × 9 mm length)
for thermal treatment. With a slight modification, the aluminum can was simi-
larly designed with the aluminum thermal-death-time (TDT) disks that have been
invented at Washington State University (Pullman, WA, USA) to provide ideal
isothermal conditions to study thermal death kinetics of microorganisms. The can
consists of a lower part with a sample chamber and an upper part for sealing (like
a screw-cap). Each part contained an O-ring for hermetical sealing (Yuk et al.,
2009). Prior to use, each can was sanitized by dipping in 70% (v/v) ethanol for 15
min and then air dried in a biosafety cabinet. Heat resistance was determined by
completely immersing the aluminum cans in stirring water baths (Major Science,
Saratoga, CA, USA) at temperatures of 54, 56, 58, or 60 ◦C. The come-up time,
which is the time required for the heating matrix (TSB) in aluminum can to reach
within 0.5 ◦C of the set temperature, was monitored with Fluke 54 II thermocouple
(Fluke corporation, WA, USA) by inserting one of its probe into the water bath
and the other one into a special aluminum can containing TSB through a small
hole in the sealing cap of the can. The temperatures of water bath and TSB in
aluminum can were recorded every second and the come-up time was measured.
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After heat treatment, each aluminum can was removed from the water bath at ap-
propriate time intervals and immediately cooled in iced water for 5 min. The cell
number after come-up time was recorded as the initial cell number. Survival curves
were constructed by plotting the log number of viable cells against time. The line
of best fit for survival curves was determined by linear regression with Microsoft
Excel (Microsoft Corp., Redmond, WA, USA) and the negative reciprocal of the
slope was used as the D-value (min). Thermal death time curves were constructed
by plotting log D-values against treatment temperatures. The negative reciprocal
of the slope of the regression line was expressed as z -value.
3.2.4 Determination of acid resistance in SGF
Cells prepared as described above were subjected to SGF at pH 2.0 to de-
termine their acid resistance. Briefly, cells were diluted with 0.1% peptone wa-
ter to a concentration about 108 CFU/mL, and 1 mL of the cell suspension was
transferred into a prewarmed bottle containing 49 mL of SGF in a stirring water
bath at 37 ◦C. The SGF consisted of 8.3 g/L proteose-peptone (Oxoid), 3.5 g/L
D-glucose (Goodrich Chemical Enterprise, Singapore), 2.05 g/L NaCl (Goodrich
Chemical Enterprise), 0.6 g/L KH2PO4 (Sigma-Aldrich, St Louis, MO, USA), 0.11
g/L CaCl2 (Goodrich Chemical Enterprise), 0.37 g/L KCl (Goodrich Chemical En-
terprise), 0.1 g/L lysozyme (Sigma-Aldrich), and 13.3 mg/L pepsin (Sigma-Aldrich)
(Beumer et al., 1992; Sembulingam and Sembulingam, 2012). All components were
dissolved in deionized water and autoclaved except for lysozyme and pepsin, which
were aseptically added after filter sterilization (0.20 µm syringe filter). Final pH was
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adjusted to 2.0 using sterile 5.0 mol/L HCl (Merck, Darmstadt, Germany). Viable
cell densities were determined by withdrawing 1 mL of cell suspension at appro-
priate time intervals and diluting with phosphate buﬀered saline (PBS) (Vivantis
Inc., CA, USA). D-values (min) of S. Enteritidis adapted to diﬀerent temperatures
were calculated as described above.
3.2.5 Determination of membrane lipid composition
About 40 mg of pelleted cells collected by centrifugation (10,000 ×g, 4 ◦C, 3
min) were used for the analysis of fatty acid methyl esters. Extraction of fatty
acid methyl esters was carried out according to MIDI Technical note #101 with
a slight modification (Sasser, 2001). In the last step of extraction, 0.5 mL of
saturated NaCl was added into the test tube after base wash and the test tube
was tumbled for 5 min. Subsequently, two-thirds of the organic phase was pipetted
into a glass vial and capped. The fatty acid methyl esters were analyzed using a
Varian 3800 Gas Chromatography (Varian Inc., Walnut Creek, CA, USA) with a
Flame Ionizing Detector (FID). The column used was Supelco SPB-5 fused silica
capillary column (30 m length × 0.25 mm I.D. × 0.25 µm film thickness) (Sigma-
Aldrich) and the gas chromatography conditions were as follows: 1.0 µL of sample
(split 10:1) was injected with the injector temperature at 250 ◦C and gas flow at
constant pressure of 105 kPa. The oven temperature was held at 150 ◦C for 4
min and then increased to 250 ◦C at a rate of 4 ◦C/min, detector temperature
was held at 250 ◦C for 5 min. Helium was used as the carrier gas. The fatty
acid methyl esters were identified by comparing their retention times with those
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of the standards, including Bacterial Acid Methyl Ester CP Mix standard mixture
(Sigma-Aldrich) and cis-11-Octadecenoic methyl ester analytical standard (Sigma-
Aldrich). External calibration was used to quantify the fatty acids present in S.
Enteritidis membrane. Calibration curves (R2 > 0.99) were constructed by plotting
the peak area against the concentration of fatty acid methyl esters. The results
were expressed as the relative molar percentage of the individual fatty acid to all
fatty acids.
3.2.6 RNA extraction and quantitative real-time RT-PCR
analysis
Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen Inc.,
Hilden, Germany) according to the manufacturer’s protocol. Quality and quantity
of RNA was measured using Nanodrop 1000 (Thermo Scientific Inc., Wilmington,
DE, USA), and integrity was checked by agarose gel electrophoresis.
Five-hundred nanograms of total RNA were subjected to reverse transcription
using QuantiTect Reverse Transcription Kit (Qiagen Inc.). Quantitative real-time
RT-PCR (qRT-PCR) was performed using StepOnePlus Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA) to evaluate the transcription levels of
stress- (rpoS and rpoH ) and virulence-related genes (spvR, hilA, sefA, and avrA).
Complete sequences for the genes of interest were obtained from NCBI database
(accession number NC 011294.1). The detailed information on the possible func-
tions of these genes and the primer pairs used in this study are listed in Table










































































































































































































































































































































































































































































































































































































































































































































































   
   
   














































(Applied Biosystems), 1 µL of 0.4 µmol/L forward primer, 1 µL of 0.4 µmol/L re-
verse primer, 1 µL of template cDNA, and 7 µL of PCR water. Reactions without
reverse transcriptase were used as negative control to verify the absence of DNA
contamination. Thermal cycling conditions comprised of 1 cycle at 95 ◦C for 20
s, and 40 cycles at 95 ◦C for 3 s and 60 ◦C for 30 s. 16S rRNA was used as the
reference gene. The relative changes in gene expression were calculated using the
2−∆∆Ct method (Livak and Schmittgen, 2001).
3.2.7 Statistical analysis
Mean values were obtained from three replicate experiments with duplicate
determinations. All data were statistically analyzed by analysis of variance (ANO-
VA) and mean values were separated by least significant diﬀerence (LSD) (P<0.05)
using SPSS software (Statistical Package for the Social Sciences, version 18.0, IBM,
NY, USA).
3.3 Results
3.3.1 Eﬀect of temperature on the growth kinetics of S.
Enteritidis
The growth curves for S. Enteritidis at diﬀerent temperatures (10, 25, 37, and
42 ◦C) were generated by fitting the data to the modified Gompertz model and R2
values for all the growth models were above 0.98, indicating that the curves fit the
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data well (Fig. 3.1). The mid-stationary phase of growth curves were observed at
192, 24, 18 and 18 h of incubation at 10, 25, 37 and 42 ◦C, respectively, and these
incubation times were used for determining bacterial resistance to lethal conditions,
membrane lipid composition, and gene expression.
Fig. 3.1: Growth curves of S. Enteritidis adapted to 10 (A), 25 (B), 37 (C) and 42 (D) ◦C.
The growth kinetic parameters, such as SGR, LPD, GT, and MPD, were cal-
culated using the modified Gompertz equation (Table 3.2). The result showed that
temperature had a significant impact on S. Enteritidis growth kinetic parameters,
except for MPD, which was around 9.4 log CFU/mL regardless of growth temper-
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ature. Cells grown at 10 ◦C had the slowest SGR, longest LPD and GT, which
was 21.6-fold slower, and 12.1-fold and 6.0-fold longer than those grown at 37 ◦C.
Increasing the growth temperature from 10 to 25 ◦C, or 25 to 37 ◦C significantly
(P<0.05) accelerated SGR and shortened LPD and GT. However, the growth ki-
netic parameters of the cells grown at 42 ◦C did not significantly (P>0.05) diﬀer
from those of the cells grown at 37 ◦C.
Table 3.2: Growth kinetic parameters1 of S. Enteritidis at diﬀerent temperatures.
Parameter2 
Growth temperature 
10°C 25°C 37°C 42°C 
SGR (h-1) 0.05±0.01c 0.51±0.03b 1.08±0.03a 1.12±0.04a 
LPD (h) 24.39±2.98a 3.87±0.15b 2.01±0.12b 1.86±0.01b 
GT (h) 1.61±0.05a 0.60±0.03b 0.27±0.02c 0.25±0.02c 
MPD (log CFU/mL) 9.38±0.09a 9.35±0.02a 9.43±0.06a 9.37±0.11a 
1 All measurements were done in triplicate with replication, and all values are mean±standard 
deviation. Values with different superscript letters within a row (a-d) are significantly differe-
nt (P < 0.05). 




Regardless of heating temperature, the come-up time of the aluminum can was
about 1 min (data not shown) and thus D-values were obtained from the linear
portion of the survival curves at each temperature after come-up time (Fig. 3.2A).
The z -values are expressed as the negative inverse of the slope of the thermal death
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time curves (Fig. 3.2B).
Fig. 3.2: Survival curves at 58 ◦C (A) and thermal death time curves (B) for S. Enteritidis adapted
to 10, 25, 37 and 42 ◦C. All measurements were done in triplicate with replication, and all values
are mean ± standard deviation.
The result showed thatD-values of S. Enteritidis decreased significantly (P<0.05)
as the heating temperature increased from 54 to 60 ◦C, regardless of the culture
conditions (Table 3.3). In addition, S. Enteritidis adapted to a relatively higher
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temperature exhibited significantly greater heat resistance than cells adapted to a
relatively lower temperature when subjected to the same thermal treatment. The
only exception was that the D58◦C-value of the cells adapted to 10 ◦C was not sig-
nificantly (P>0.05) diﬀerent from that of the cells adapted to 25 ◦C. Moreover, S.
Enteritidis adapted to 10 and 25 ◦C had significantly (P<0.05) higher z -value than
those adapted to 37 and 42 ◦C (Table 3.3).
Table 3.3: D- and z-values1 of S. Enteritidis adapted to 10, 25, 37, and 42 ◦C under thermal






54qC 56qC 58qC 60qC 
10°C 4.72±0.16az 1.44±0.14bz 0.64±0.07cy 0.34±0.01dz 5.30±0.10w 
25°C 6.11±0.34ay 2.81±0.10by 1.07±0.10cy 0.45±0.03dy 5.24±0.04w 
37°C 17.95±0.68ax 9.11±0.59bx 2.94±0.25cx 0.99±0.07dx 4.68±0.06x 
42°C 28.13±0.73aw 13.17±0.68bw 4.59±0.54cw 1.40±0.06dw 4.48±0.16x 
1 Values with different superscript letters within a row (a-d) or a column (w-z) are significantly differ-
ent (P < 0.05).  
3.3.3 Acid resistance in SGF
The survival curves and D-values of S. Enteritidis adapted to 10, 25, 37 and
42 ◦C in SGF at pH 2.0 are shown in Fig. 3.3. The results showed that acid re-
sistance of bacterial cells was dependent on their adaptation temperature. Control
cells adapted to 37 ◦C exhibited the greatest acid resistance with D-value of 3.07
min, which was up to 2.5 times higher than the lowest D-value (1.21 min) obtained
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from cells adapted to 10 ◦C. Increasing growth temperature from 10 to 25 or 42 ◦C
significantly (P<0.05) enhanced S. Enteritidis acid resistance. However, D-value
of cells adapted to 42 ◦C did not diﬀer significantly (P>0.05) from that of cells
adapted to 25 ◦C.
Fig. 3.3: Survival (A) and D-values (B) of S. Enteritidis adapted to 10, 25, 37 and 42 ◦C in
simulated gastric fluid (SGF) at pH 2.0. Bars with diﬀerent letters indicate that mean values are
significantly diﬀerent (P<0.05).
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3.3.4 Changes in membrane lipid composition
The membrane lipid composition of S. Enteritidis adapted to diﬀerent tem-
peratures is shown in Table 3.4. Overall, fourteen fatty acids were found in S.
Enteritidis membrane. The eight predominant fatty acids identified were lauric
acid (C12:0), myristic acid (C14:0), 3-hydroxytetradecanoic acid (C14:0 (3-OH)),
palmitic acid (C16:0), palmitoleic acid (C16:1ω7c), cyclo-heptadecanoic acid (C17:0
cyclo), vaccenic acid (C18:1ω7c), and cyclo-nonadecanoic acid (C19:0 cyclo), while
the other six minor fatty acids found were pentadecanoic acid (C15:0), margaric
acid (C17:0), stearic acid (C18:0), oleic acid (C18:1ω9c), 2-hydroxytetradecanoic
acid (C14:0 (2-OH)), and 2-hydroxyhexadecanoic acid (C16:0 (2-OH)).
Among the fatty acids identified, the amount of C12:0, C16:0, C16:1ω7c, C17:0
cyclo, C18:1ω7c, and C19:0 cyclo were greatly aﬀected by growth temperature.
Overall, adaptation to higher temperatures induced an increase in the content of
SFA (C12:0 and C16:0) and CFA (C17:0 cyclo and C19:0 cyclo) whereas it caused a
decrease in the content of USFA (C16:1ω7c and C18:1ω7c). The USFA/SFA ratio
was calculated to act as an indirect indicator of the membrane fluidity. The highest
USFA/SFA ratio was observed in cells adapted to 10 ◦C with a ratio of 0.81, and the
value decreased as the growth temperature increased, reaching a minimum value
of 0.04 at 42 ◦C. The decreased membrane fluidity at high growth temperature
was due to the dramatic decrease and increase in the amounts of USFA and SFA,
respectively. In addition, an increase in the amount of CFA was observed when






















































































































































































































































































































































































































































































































































































































































































CFA was obtained in cells adapted to 42 ◦C compared to those adapted to 10 ◦C.
3.3.5 Changes in stress- and virulence-related gene expres-
sion
The relative expression levels of stress- (rpoS and rpoH ) and virulence-related
genes (spvR, hilA, sefA, and avrA) of S. Enteritidis adapted to 10, 25, 37 and 42 ◦C
are shown in Fig. 3.4.
Fig. 3.4: Relative expression levels of rpoS, rpoH, spvR, hilA, sefA, and avrA of S. Enteritidis
adapted to 10, 25, 37 and 42 ◦C.
The results demonstrated that higher (42 ◦C) and lower growth temperatures
(10 and 25 ◦C) aﬀected the transcription levels of these two stress-related genes
in an opposite way. Cold adaptation induced the transcription of rpoS, with fold
changes of 16.5 and 14.4 in cells adapted to 10 and 25 ◦C, respectively; while the
transcription level of rpoS in heat-adapted cells at 42 ◦C was 2.7-fold lower than
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that in the control cells. Contrarily, the highest transcription level of rpoH (2.9-
fold higher) was found in heat-adapted cells, while the transcription levels of rpoH
in cold-adapted cells were not upregulated.
All virulence-related genes were upregulated after heat adaptation, except se-
fA. About 6.4-, 5.0-, and 2.6-fold upregulation of spvR, hilA, and avrA was observed
in cells adapted to 42 ◦C, respectively; however, no upregulation of these genes was
observed in cells adapted to 10 or 25 ◦C. Interestingly, neither cold nor heat adap-
tation could upregulate the transcription level of sefA, which had its highest level
at 37 ◦C.
3.4 Discussion
Bacterial resistance and their gene expression to various lethal conditions in-
cluding heat treatment, low pH, etc. are highly dependent on the growth phase,
with dramatic changes observed between the cells in the log-phase and those in the
stationary phase (Kaur et al., 1998; Lee et al., 1994). Therefore, growth modeling
was conducted in this study to determine the diﬀerence in the growth kinetics a-
mong adapted cells at diﬀerent temperatures, and to ensure that cells in the same
growth stage (mid-stationary phase) were used to evaluate the eﬀect of tempera-
ture on S. Enteritidis heat/acid resistance, membrane lipid composition, as well as
gene expression profile.
It has been found that bacterial thermal tolerance could be aﬀected by many
factors, such as growth temperature (Mart´ınez et al., 2003), pH (A´lvarez-Ordo´n˜ez
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et al., 2009a), growth medium (Casadei et al., 1998), and water activity (Mattick
et al., 2000) at which the bacterial cells were previously incubated. Thus, this study
investigated the influence of growth temperatures on S. Enteritidis heat resistance.
The results showed that the heat sensitivity of S. Enteritidis decreased as the
growth temperature increased from 10 to 42 ◦C and the maximum thermal tolerance
was obtained when the growth temperature was 42 ◦C. This is in accordance with
the study by A´lvarez-Ordo´n˜ez et al. (2008) who observed that the heat resistance
of S. Typhimurium at 58 ◦C increased as the incubation temperature was raised
from 10 to 45 ◦C. However, higher growth temperature may not always result in
greater bacterial heat resistance. For example, the thermal tolerance of Yersinia
enterocolitica at 62 ◦C remained the same as the growth temperature increased from
4 to 20 ◦C (Paga´n et al., 1999). In addition, D70◦C-value of Enterococcus faecium
cells grown at 40 or 45 ◦C was significantly lower than that of cells grown at 37 ◦C
(Mart´ınez et al., 2003). These studies indicate that bacterial thermal tolerance
might be dependent upon species and temperature range tested.
Cross protection responses of foodborne pathogens have received a great at-
tention during the last few decades as cells adapted to unfavorable conditions might
be able to survive during thermal processing or stomach transit, which may result
in an increased risk of foodborne illness. However, little information is available
about the influence of growth temperature, especially low temperature, on bacte-
rial acid resistance. The results obtained in this study indicated that adaptation
of S. Enteritidis to 37 ◦C induced the greatest acid resistance when they were ex-
posed to SGF, whereas adaptation to temperature that was higher or lower than
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37 ◦C increased their sensitivity to SGF, especially at 10 ◦C. This result is in accor-
dance with the previous report by A´lvarez-Ordo´n˜ez et al. (2010) who found that
the D-values (at pH 3.0) of S. Typhimurium grown in buﬀered BHI (pH 7.0) at
10, 25, 37 and 45 ◦C were 2.61, 4.50, 10.14, and 4.9 min, respectively. Moreover,
the fact that heat adaptation did not increase or even decreased acid resistance
has also been observed in other pathogenic bacteria, such as Enterococcus faecalis
(Flahaut et al., 1996) and Vibrio parahaemolyticus (Koga et al., 1999). Contrarily,
Humphrey et al. (1993) reported that S. Enteritidis phage type 4 grown at 44 ◦C
survived 2.2- or 1.3-times longer in lemco broth (nutrient broth) at pH 2.6 than
cells grown at 20 or 37 ◦C, respectively. This contradictory result in acid tolerance
of S. Enteritidis might be due to the diﬀerences in bacterial strains tested and
methodologies used to measure acid resistance.
To explore the possible mechanisms underlying the changes in bacterial heat
and acid resistance, membrane lipid composition of S. Enteritidis adapted to dif-
ferent temperatures was investigated. The results showed that an increase in the
amount of SFA and CFA and a decrease in the amount of USFA were observed
in cells adapted to higher temperatures, which would contribute to a decrease in
membrane fluidity due to the reduction in the ratio of USFA to SFA. It is generally
believed that bacterial cells with lower membrane fluidity exhibit higher thermal
and acid resistance (A´lvarez-Ordo´n˜ez et al., 2008, 2009a; Annous et al., 1999; Yuk
and Marshall, 2004, 2005). For example, D63◦C-value of S. Senftenberg grown in B-
HI acidified with HCl to pH 4.5 was 6 times higher than those grown in non-acidified
BHI (A´lvarez-Ordo´n˜ez et al., 2009a). This protective eﬀect could be due to the
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fact that acid-adapted cells had a lower USFA/SFA ratio than non-acid-adapted
cells. Moreover, several studies have showed that the synthesis of CFA contribut-
ed to an increase in the thermal resistance or acid resistance (A´lvarez-Ordo´n˜ez
et al., 2008; Annous et al., 1999; Brown et al., 1997). Therefore, the changes in the
membrane lipid composition could explain the increase in the thermal resistance
of S. Enteritidis adapted to higher temperatures as well as the increase in the acid
resistance when growth temperature was increased from 10 to 37 ◦C in this study.
Nevertheless, a decline in the acid resistance was observed in heat-adapted cells
at 42 ◦C, which indicated that mechanisms other than changes in membrane lipid
composition might play an important role in S. Enteritidis acid resistance.
To survive in a variety of stress conditions, bacteria have global stress response
systems that not only contribute to the physiological changes but also result in the
molecular changes. Some of these responses are attributed to the alternative sigma
factors, such as RpoS and RpoH, which are induced under some stress condition-
s, including starvation, heat, oxidative stress, and osmotic pressure (Abee and
Wouters, 1999). In this study, the transcription levels of rpoS and rpoH were in-
vestigated to find out whether these two general stress response regulators were
involved in S. Enteritidis stress responses during the growth at diﬀerent temper-
atures. The results showed that the transcription level of rpoS was higher in
cold-adapted cells at lower temperatures (10 and 25 ◦C) compared to control cells
at 37 ◦C, indicating that cold adaptation could induce the transcription of rpoS. A
similar result has also been reported by White-Ziegler et al. (2008) that the tran-
scription of rpoS was 2.3-fold higher in Escherichia coli K-12 cultivated at 23 ◦C
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than those incubated at 37 ◦C. The induction of rpoS transcription found in this
study might be due to the indirect eﬀect of temperature on the growth rate from
temperature downshift because a reduced growth rate was one factor that could
enhance the transcription of rpoS (Hengge-Aronis, 2002). The alternative sigma
factor σS, encoded by rpoS, controls the expression of several acid shock proteins
in S. Typhimurium, which are responsible for the prevention and repair of acid-
induced damage to macromolecules (Abee and Wouters, 1999). Thus, the high
level of rpoS accumulated at a low temperature might explain why cells grown at
25 ◦C exhibited a similar acid tolerance response as those grown at 42 ◦C although
the cells had a more fluid membrane.
The eﬀect of temperature up-shift on rpoS transcription has been examined in
E. coli and S. Typhimurium. However, the results showed that rpoS in E. coli did
not change much in response to the temperature upshift from 37 to 42 ◦C (Hasan
and Shimizu, 2008); whereas rpoS in S. Typhimurium was induced 2.58-fold when
exposed to 42 ◦C for 10 min (Sirsat et al., 2011). The contradictory results are
perhaps due to the relatively short exposure time in those studies and thus the
eﬀect of long-term heat adapation on rpoS transcription in these bacteria was still
largely unknown. The down-regulation of rpoS at 42 ◦C might be an explanation
that S. Enteritidis adapted to 42 ◦C had a decreased acid resistance.
The induction of RpoH, which directs the transcription of genes encoding
molecular chaperones and proteases involved in folding or degradation of heat dam-
aged polypeptides in the cytoplasm, is a protective mechanism that may render
bacteria greater resistance to subsequent heat treatment (Chung et al., 2006). The
61
results in this study showed that the transcription level of rpoH was higher in cells
adapted to high growth temperature (42 ◦C). Although there have been several
studies regarding the upregulation of the rpoH gene at the transcription level in E.
coli, Geobacter sulfurreducens, and S. Typhimurium when the growth temperature
shifted from 30 to 42 ◦C for 10 min (Sirsat et al., 2011; Tilly et al., 1986; Ueki
and Lovley, 2007), the present study would be the first report showing the eﬀect
of long-term adaptation to the elevated temperature on rpoH transcription. The
induction of rpoH at a higher growth temperature might be another reason behind
the phenomenon that cells adapted to 42 ◦C had the highest heat resistance.
Apart from inducing greater tolerance in the microorganisms against lethal
environments, stress conditions have been found to alter the expression of genes
encoding virulence factors as well (Lenz et al., 2010; Ma et al., 2009; Sirsat et al.,
2011). Therefore, the eﬀect of diﬀerent growth temperatures on the expression of
four virulence-related genes, including spvR, sefA, hilA, and avrA, was determined
in this study. The results showed that the transcription of virulence-related genes
tested was generally lower in cold-adapted cells but higher in heat-adapted cells
compared to the control cells. Although the eﬀect of temperature on the transcrip-
tional levels of spvR, sefA, and avrA has not been reported so far, these results are
in accordance with the previous reports that higher temperatures (45 and 55 ◦C)
significantly activated hilA expression, whereas low temperature (25 ◦C) represses
it compared to 37 ◦C (Churi, 2004; Queiroz et al., 2011). Similarly, it has been
reported that virulence genes are expressed around 37 ◦C and are switched oﬀ at
30 ◦C or below in Shigella flexneri (Dorman and Porter, 1998). The tight control of
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the virulence genes by environmental temperatures might be a strategy to conserve
energy and prevent inappropriate expression of the virulence genes outside the host
(Dorman and Porter, 1998). Except for sefA gene, all other virulence genes tested
in this study were highly upregulated at 42 ◦C. Although the mechanisms behind
the over expression of these genes at 42 ◦C are not clear, it is worth noting that
42 ◦C is the chicken’s body temperature (Long, 1970), which may have important
implications in S. Enteritidis colonization and invasion of chickens.
3.5 Conclusions
This was the first report correlating bacterial heat and acid resistance with
the changes in membrane lipid composition and stress-related gene expression.
In addition, the eﬀects of long-term rather than short-term exposure to heat or
cold conditions on S. Enteritidis heat and acid resistance, as well as, stress- and
virulence-related gene expression were evaluated. The results showed that heat-
adapted S. Enteritidis cells exhibited greater thermotolerance than control and
cold-adapted cells, possibly due to the increased amounts of SFA that had a higher
melting point, as well as, due to the upregulation of rpoH. However, decreased
membrane fluidity did not contribute to acid resistance of heat-adapted cells and
their D-value was lower than control cells. The decrease in acid resistance of
heat-adapted cells might be due to the repression of rpoS. These results indicated
that acid resistance of S. Enteritidis might not be dependent on membrane lipid
composition alone but also on some of the general stress response regulators, such
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as RpoS. Most of the virulence genes tested in this study were upregulated under
high temperature conditions. This study manifests that S. Enteritidis exposed to
chilling temperatures might be more susceptible to gastric acid and heat treatment,
and become less virulent. Thus, the present results provide the scientific evidence




Eﬀect of Antimicrobial Stress on Salmonella
Enteritidis Heat/Acid Resistance, Membrane
Lipid Composition and Stress/Virulence Related
Gene Expression
4.1 Introduction
Apart from cold storage and heat treatment, the United States Department of
Agriculture (USDA) approved the application of antimicrobials, such as lactic acid
(LA) and trisodium phosphate (TSP), as a spray for poultry and beef carcasses to
inhibit and reduce the growth of foodborne pathogens (USDA, 2015). Although
many studies have proven their eﬀectiveness as antimicrobial agents, adaptation
to sublethal concentrations of these antimicrobial agents may occur in foodborne
pathogens by exposure to the residues on carcass surfaces or in the processing en-
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vironment. The increased acid resistance of Salmonella spp. after acid adaptation
has been shown by several studies (A´lvarez-Ordo´n˜ez et al., 2009b, 2010; Bacon
et al., 2003). Furthermore, acid adaptation could induce cross-resistance against
other environmental stresses including heat, salt, polymyxin B, lactoperoxidase,
and crystal violet (Leyer and Johnson, 1993). Similarly, it has been reported that
the use of TSP in foods to inhibit the growth of Salmonella might also lead to
their resistance to various lethal conditions of heat, bile salts, and high pH expo-
sure (Sampathkumar et al., 2004). Therefore, the exposure of bacteria to mildly
acidic and alkaline conditions may confer them greater resistance to lethal condi-
tions, and thus result in an increased risk of foodborne disease.
To understand the bacterial stress responses to acidic or alkaline stresses, pre-
vious studies correlated the bacterial behavior either with alteration in membrane
lipid composition or in protein expression (A´lvarez-Ordo´n˜ez et al., 2009a; Foster,
1991; Yuk and Marshall, 2004); however, no study has elucidated bacterial stress
responses by investigating the regulation of both stress response regulators and
membrane lipid composition. In addition, relatively less attention has been given
to alkaline stress responses compared to acid tolerance responses (ATR), although
some natural habitats for bacteria have high pH. Therefore, the objective of the
study in this chapter was to investigate whether an enhanced resistance after adap-
tation to LA and TSP was due to changes in membrane lipid composition, changes
in the expression of RpoS and RpoH, or both of them to achieve a more com-
prehensive view on bacterial responses to acidic or alkaline stresses. In addition,
the transcriptional profile of several virulence-related genes was studied to find out
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whether LA or TSP adaptation could aﬀect S. Enteritidis virulence gene expression.
4.2 Material and methods
4.2.1 Bacterial strain and culture conditions
Bacterial strain and culture conditions were described in Section 3.2.1.
4.2.2 Preparation of lactic acid- or trisodium phosphate-
adapted cells
Lactic acid (Sigma-Aldrich) was filter-sterilized (0.20 µm syringe filter) and
used aseptically to acidify TSB to pH 5.3 (LA-5.3) and 6.3 (LA-6.3), while trisodi-
um phosphate (TSP) (Merck) was used to alkalize TSB to pH 8.3 (TSP-8.3) and
9.0 (TSP-9.0) followed by autoclaving the media. To prepare cells adapted to LA
and TSP at diﬀerent pHs, 1 mL of a working culture grown in TSB at pH 7.3 was
centrifuged at 3,500 ×g, 4 ◦C for 10 min and the supernatant was discarded. The
pelleted cells were washed with 0.1% (w/v) peptone water twice and resuspended
in LA-6.3 or TSP-8.3 to achieve an initial concentration of 102 CFU/mL. After
cells were grown in LA-6.3 or TSP-8.3 at 37 ◦C for 18 h, the cells were centrifuged,
washed, inoculated into LA-5.3 or TSP-9.0 to an initial level of 102 CFU/mL, and
incubated at 37 ◦C for 24 h, respectively. Cells grown in TSB at pH 7.3 for 18 h
were served as control which was exposed to neither LA nor TSP. Final pH values
of TSB after incubation were measured using an S220 SevenCompactTM pH/Ion
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meter (Mettler-Toledo, Columbus, OH, USA).
4.2.3 Growth kinetics of control and adapted cells
Bacterial growth in TSB with or without LA or TSP was monitored to generate
the growth curves according to the modified Gompertz equation. The growth
parameters including SGR and LPD were then calculated. The detailed procedures
for monitoring cell growth and the calculation of growth parameters were described
in Section 3.2.2.
4.2.4 Determination of acid resistance in SGF
Acid resistance of both adapted and control cells was determined in SGF. The
detailed procedures for the determination of acid resistance in SGF were described
in Section 3.2.4.
4.2.5 Determination of heat resistance
Heat resistance of both adapted and control cells was investigated at 54–60 ◦C.
The detailed procedures for the determination of heat resistance were described in
Section 3.2.3.
4.2.6 Determination of membrane lipid composition
The detailed procedures for the determination of membrane lipid composition
were described in Section 3.2.5.
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4.2.7 RNA extraction and quantitative real-time RT-PCR
analysis
The detailed procedures for RNA extraction and quantitative real-time RT-
PCR were described in Section 3.2.6.
4.2.8 Western blot
Proteins from adapted and control cells were extracted with BugBuster Pro-
tein Extraction Reagent (Merck) supplemented with protease inhibitor cocktail set
II (Merck). Protein concentration was determined using a BCA Protein Assay
Kit (Merck) according to the manufacturer’s instruction. Equal amounts (20 µg)
of total protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane in
buﬀer (25 mM Tris, 192 mM glycine, 10% (v/v) methanol, 0.05% SDS). Ponceau
S (Sigma-Aldrich) staining was performed to verify the equal loading of proteins in
each lane. The membrane was blotted with anti-RpoS or anti-RpoH monoclonal
antibody (NeoClone, Madison, WI, USA) at 1: 1,000 dilution at 4 ◦C overnight,
followed by goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, Texas, USA) at
1: 10,000 dilution. Protein bands were visualized by Immobilon Western Chemilu-




Statistical analysis was described in Section 3.2.7.
4.3 Results
4.3.1 Growth kinetics of control and adapted S. Enteritidis
The growth curves of control and adapted S. Enteritidis were constructed by
fitting the data to the modified Gompertz model and all R2 values of the growth
models were above 0.98, indicating that the curves fit the data well (Fig. 4.1A).
The growth kinetic parameters, such as SGR and LPD, were calculated based on
the modified Gompertz equation (Fig. 4.1B and 4.1C).
Results demonstrated that the growth kinetics of S. Enteritidis cultivated un-
der diﬀerent conditions varied, although they were capable of growing under all
tested conditions. Cells adapted to LA or TSP had slower SGR and longer LPD
than control cells. The only exception was that the SGR of S. Enteritidis adapted
to LA-6.3 was not significantly (P>0.05) diﬀerent from that of the control. The
stationary phase of growth curves of control, and adapted cells in LA-5.3, LA-6.3,
TSP-8.3 and TSP-9.0 were observed at 18, 24, 18, 18 and 24 h of incubation, re-
spectively. These incubation times were used to investigate bacterial resistance to
SGF and thermal treatment, as well as, changes in membrane lipid composition
and gene and/or protein expression. At the stationary phase, the pH values of TSB
with initial pHs at 5.3, 6.3, 7.3, 8.3, and 9.0 dropped to pH 4.9, 5.2, 6.1, 6.9, and
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Fig. 4.1: Growth curves (A), specific growth rate (B), and lag phase duration (C) of S. Enteritidis
in TSB at pH 7.3 (control), TSB acidified with lactic acid at pH 5.3 and 6.3 (LA-5.3 and LA-6.3),
and TSB alkalized with trisodium phosphate at pH 8.3 and 9.0 (TSP-8.3 and TSP-9.0). Bars
with diﬀerent letters indicate that mean values are significantly diﬀerent (P<0.05).
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7.6, respectively.
4.3.2 Acid resistance in SGF
The acid resistance of control and adapted S. Enteritidis was measured in SGF
at pH 2.0 and 37 ◦C. The survival curves and the D-values of control and adapted
S. Enteritidis cells in SGF are shown in Fig. 4.2.
Fig. 4.2: Survival and D-values of control and adapted S. Enteritidis to lactic acid at pH 5.3 and
6.3 (LA-5.3 and LA-6.3) and trisodium phosphate at pH 8.3 and 9.0 (TSP-8.3 and TSP-9.0) in
simulated gastric fluid (SGF) at pH 2.0. Values with diﬀerent superscript letters indicate that
mean values are significantly diﬀerent (P<0.05).
Viable cell counts for control and adapted cells decreased drastically as the
exposure time in SGF increased. Adaptation to LA-5.3 and LA-6.3 significantly
(P<0.05) increased bacterial acid resistance, with the higher D-values of 7.93 and
5.49 min, respectively, compared to control cells (D-value = 4.97 min). On the
other hand, D-values of cells adapted to TSP-8.3 and TSP-9.0 were 0.67 and 0.34
72
min, which were 7.4- and 14.6-times lower than that of control cells, respectively.
4.3.3 Heat resistance
D-values were calculated from the linear portion of the survival curves and
the representative survival curves at 58 ◦C are shown in Fig. 4.3. D- and z -values
of control and adapted S. Enteritidis cells are shown in Table 4.1.
Fig. 4.3: Representative survival curves at 58 ◦C for control and adapted S. Enteritidis to lactic
acid at pH 5.3 and 6.3 (LA-5.3 and LA-6.3) and trisodium phosphate at pH 8.3 and 9.0 (TSP-8.3
and TSP-9.0).
Regardless of the growth conditions, D-values of all cells were significantly
(P<0.05) decreased as they were exposed to the increasing temperatures from 54
to 60 ◦C. Cells adapted to LA-5.3 and LA-6.3 had significantly (P<0.05) higher D-
values; while cells adapted to TSP-8.3 and TSP-9.0 exhibited significantly (P<0.05)
lower D-values at the same temperature than control cells. Cells adapted to LA-6.3
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had the highest heat resistance at 56 and 58 ◦C; however, their D-values at 54 and
60 ◦C were not significantly (P>0.05) diﬀerent from those adapted to LA-5.3. On
the other hand, cells adapted to TSP-9.0 were most sensitive to high temperatures,
having the lowest D-values in the temperature range tested. The z -values of the
adapted cells were not significantly (P>0.05) diﬀerent from control cells, except
for those adapted to TSP-8.3 that had the highest z -value.
Table 4.1: D- and z-values1 of control and adapted S. Enteritidis to lactic acid and trisodium





54 °C 56 °C 58 °C 60 °C 
Control 11.48r0.23bw 5.40r0.13cx 2.24r0.02cy 0.71r0.01bz 5.0r0.1b 
LA-5.3 13.11r0.48aw 5.87r0.07bx 2.33r0.01by 0.87r0.02az 5.1r0.1b 
LA-6.3 13.27r0.46aw 6.35r0.25ax 2.41r0.03ay 0.87r0.01az 5.0r0.1b 
TSP-8.3 5.14r0.10cw 2.46r0.04dx 1.18r0.04dy 0.40r0.03cz 5.5r0.1a 
TSP-9.0 4.58r0.22dw 2.22r0.04dx 0.76r0.02ey 0.30r0.01dz 5.0r0.1b 
1 Values with different superscript letters within a row (w-z) or column (a-e) indicate that mean  
values are significantly different (P < 0.05).  
2 Control: TSB at pH 7.3; LA-5.3 and LA-6.3: TSB acidified with lactic acid at pH 5.3 and 6.3,  





4.3.4 Changes in membrane lipid composition
The changes in the individual major fatty acid, total minor fatty acids (MFA),
and USFA/SFA as a result of adaptation to LA or TSP are shown in Table 4.2.
Table 4.2: Membrane lipid composition1 of control and adapted S. Enteritidis to lactic acid and
trisodium phosphate.
1 
Fatty acids2 (%) 
Growth conditions 
Control LA-5.3 LA-6.3 TSP-8.3 TSP-9.0 
C12:0 4.20±0.20c 4.91±0.06a 4.54±0.15b 4.27±0.15c 4.37±0.26bc 
C14:0 7.38±0.21d 9.79±0.33a 9.34±0.32b 8.16±0.30c 8.29±0.47c 
C16:0 43.18±1.00c 46.81±0.58a 44.15±0.54b 40.14±0.54d 36.18±0.83e 
C16:1 ω7c 5.92±0.32c 0.33±0.17e 1.58±0.29d 14.04±0.60b 23.03±0.91a 
C18:1 ω7c 6.43±0.39c 1.26±0.22e 2.35±0.33d 10.98±0.56b 13.91±0.35a 
C17:0 cyclo 16.61±1.05b 20.15±1.20a 20.85±0.45a 11.28±0.60c 1.40±0.80d 
C19:0 cyclo 6.00±0.39b 7.22±0.66a 7.29±0.80a 1.43±0.24c 0.40±0.07d 
C14:0 (3-OH) 8.76±0.41a 8.28±0.37a 8.63±0.39a 8.30±0.45a 8.35±0.48a 
MFA 1.52±0.25b 1.24±0.61b 1.26±0.17b 1.39±0.22b 4.08±0.88a 
USFA/SFA 0.22±0.01c 0.03±0.01e 0.07±0.01d 0.47±0.01b 0.70±0.03a 
1 Values with different superscript letters within a row (a-e) indicate that mean values are significantly 
different (P<0.05). 
2 MFA: Minor fatty acids; USFA: Total unsaturated fatty acids; SFA: Total saturated fatty acids.  
 
 
Out of the fatty acids identified, the percentages of C16:0, C16:1ω7c, C18:1ω7c,
C17:0 cyclo and C19:0 cyclo were most influenced by environmental change. It
was observed that adaptation to LA-5.3 and LA-6.3 significantly increased the
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amount of SFA, predominantly C16:0, while it decreased the amount of USFAs,
mainly C16:1ω7c and C18:1ω7c. In contrast, adaptation to TSP-8.3 and TSP-9.0
decreased the amount of SFA but increased the amount of USFAs. As a result, a
lower ratio of USFA/SFA was observed in cells adapted to LA compared to control
cells and cells adapted to TSP. For example, the value of USFA/SFA was 0.03,
0.22, and 0.7 for cells adapted to LA-5.3, control cells, and cells adapted to TSP-
9.0, respectively, indicating that LA adaptation resulted in decreased membrane
fluidity. On the other hand, the content of CFAs, including C17:0 cyclo and C19:0
cyclo, increased after LA adaptation. The level of CFAs in cells adapted to LA-5.3
was 15-fold higher than that in cells adapted to TSP-9.0.
The changes in USFA/SFA ratio and CFA content followed good linear re-
lationships with the pH of the culture at the stationary-phase, with R2-values of
0.975 and 0.934, respectively (Fig. 4.4A). Similarly, good linear relationships ex-
isted between D-values at 58 ◦C and USFA/SFA ratio (R2=0.951) or CFA content
(R2=0.961) (Fig. 4.4C). However, R2-values less than 0.90 were found between
D-values in SGF and USFA/SFA ratio or CFA content, although D-values in SGF
changed as USFA/SFA ratio or CFA content changed (Fig. 4.4B). The good linear
relationships between USFA/SFA ratio or CFA content and the pH of the culture
at the stationary-phase, as well as D-values at 58 ◦C could contribute to a reliable
prediction of heat resistance as a function of the growth medium pH.
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Fig. 4.4: Relationship between USFA/SFA ratio or CFA content and pH of the culture at the
stationary-phase (A), D-value in SGF (B), and D-value at 58 ◦C (C) for control (pH 7.3), and S.
Enteritidis adapted to lactic acid (pH 5.3 and 6.3), and trisodium phosphate (pH 8.3 and 9.0).
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4.3.5 Changes in the expression of stress response regula-
tors and virulence-related genes
The relative expression levels of genes encoding stress response regulators (rpoS
and rpoH ) and virulence factors (spvR, hilA, sefA, and avrA) of control and adapted
S. Enteritidis cells are shown in Fig. 4.5A.
Fig. 4.5: Relative transcription levels (A) of rpoS, rpoH, spvR, hilA, sefA, and avrA and protein
expression levels (B) of RpoS and RpoH in control and adapted S. Enteritidis to lactic acid at
pH 5.3 and 6.3 (LA-5.3 and LA-6.3) and trisodium phosphate at pH 8.3 and 9.0 (TSP-8.3 and
TSP-9.0).
The results demonstrated that the transcription levels of rpoS were higher in
cells adapted to TSP-8.3 and TSP-9.0 than that in control cells, with fold changes
of 2.2 and 3.4, respectively. Meanwhile, TSP adaptation also induced the tran-
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scription levels of rpoH, which was 6.8- or 7.3-fold higher in TSP-adapted cells at
pH 8.3 or 9.0 than that in control cells, respectively. Interestingly, no upregula-
tion of rpoS and rpoH was observed in LA-adapted cells compared to control cells.
The relative protein expression levels of RpoS and RpoH were also analyzed using
Western blot. Similarly, increased expression levels of RpoS and RpoH were found
in cells adapted to TSP but not to LA (Fig. 4.5B).
All of the virulence-related genes were not induced in LA-adapted cells; while
most of them were induced in TSP-adapted cells, except for sefA. About 3.6- and
6.0-fold upregulation of spvR was observed in cells adapted to TSP-8.3 and TSP-
9.0, respectively. However, the upregulation of hilA and avrA was only found
in TSP-adapted cells at pH 9.0, with fold changes of 2.46 and 2.10, respectively.
Interestingly, neither adaptation to LA nor TSP could upregulate the transcription
level of sefA, which had its highest level in control cells.
4.4 Discussion
Salmonella responses to pH stress, especially acidic stress, have been widely
studied in the past two decades (reviewed by A´lvarez-Ordo´n˜ez et al. (2012)). Most
of these studies focused on the eﬀects of short-term exposure of log- or stationary-
phase cells to the stress conditions on subsequent bacterial survival in lethal treat-
ments and the possible mechanisms for the stress responses. However, pathogenic
bacteria usually experience prolonged exposure to stress conditions and their be-
havior might be very diﬀerent from those after short-term exposure. The long-term
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acid or alkali adaptation in this study was achieved by cultivating bacterial cells un-
til they reached the stationary phase of growth in TSB with diﬀerent pHs adjusted
using LA and TSP. S. Enteritidis growth under diﬀerent conditions was monitored
to find out the diﬀerence in the growth kinetics among adapted cells as well as to
make sure that cells in the same growth phase were used to investigate the changes
in S. Enteritidis acid/heat resistance, membrane lipid composition, as well as gene
and/or protein expression profile after LA or TSP adaptation.
The acid resistance of adapted cells was determined in SGF (pH 2.0) at 37 ◦C to
investigate whether LA- or TSP-adaptation at acidic or alkaline conditions could
protect S. Enteritidis cells during the stomach transit. The results showed that
S. Enteritidis adapted to LA were more tolerant to SGF than control cells and
TSP-adapted cells, and the lower the pH, the greater the acid resistance bacteria
would acquire. The same trend has also been reported by Yuk and Marshall (2004)
who found that E. coli O157:H7 adapted to lactic acid at pH 5.4 had the greatest
acid resistance in SGF (pH 1.5), followed by those adapted to pH 6.4. However,
A´lvarez-Ordo´n˜ez et al. (2010) reported that S. Typhimurium adapted to pH 5.4
adjusted by lactic acid had a similar acid tolerance in Brain Heart Infusion (B-
HI) media at pH 3.0 compared to cells adapted to pH 6.4. These results clearly
demonstrated that long-time exposure to acidic conditions could protect pathogens
from subsequent lethal acidic treatment, and acid tolerance of Salmonella might
be serotype-dependent. Unlike acid adaptation, only a few studies have been con-
ducted to examine the eﬀect of alkali adaptation on bacterial acid resistance and
similar results have been observed in Vibrio parahaemolyticus, E. coli O157:H7,
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and nonpathogenic E. coli (Koga et al., 2002; Yuk and Marshall, 2004), which
indicated that alkali adaptation could reduce the acid resistance of these bacteria.
Long-term adaptation to LA at pH 5.3 or 6.3 increased the heat resistance of
S. Enteritidis, indicating that acid adaptation may induce cross-protection to ther-
mal treatment. Similar observations have also been reported in E. coli O157:H7,
S. enterica (serotypes Typhimurium, Senftenberg, Gaminara, Rubislaw, and Hart-
ford) and L. monocytogenes (A´lvarez-Ordo´n˜ez et al., 2009b, 2008, 2009a; Mazzot-
ta, 2001). Unlike acid adaptation, decreased heat resistance was observed in cells
adapted to TSP. Contrarily, previous studies on some foodborne pathogens, such
as S. Enteritidis, E. coli O157:H7, V. parahaemolyticus, and L. monocytogenes,
have suggested that cells adapted to TSP or a comparable alkaline condition were
more thermotolerant than control cells (Humphrey et al., 1991; Koga et al., 2002;
Sampathkumar et al., 2004; Sharma et al., 2003; Taormina and Beuchat, 2001).
These contradictory results were possibly due to the variations in the methodolo-
gies used to prepare the adapted cells since the TSP or alkaline treatment in all
these studies lasted no more than 1 h, which was a hugely shorter time compared
to the present study. Thus, the adaptation duration might play a significant role
in bacterial stress responses.
Adaptation of S. Enteritidis to LA-5.3 and LA-6.3 caused a decrease in US-
FA/SFA ratio but an increase in CFA content compared to control cells; while
opposite results were obtained in cells adapted to TSP-8.3 and TSP-9.0. A de-
crease in USFA/SFA ratio represents decreased membrane fluidity because SFA
has a higher melting point than USFA (Yuk and Marshall, 2004). In addition, an
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increase in CFA content could also decrease the membrane fluidity (Annous et al.,
1999). A more rigid membrane would be able to inhibit proton influx into the cell
and thereby acid-adapted cells would be more tolerant to extreme acidic conditions
compared to the control cells and alkali-adapted cells (Yuk and Marshall, 2004).
Similar results that acid adaptation causes a decrease in membrane fluidity and
thus confers E. coli O157: H7 or S. Typhimurium enhanced acid or heat resistance
have been previously reported (A´lvarez-Ordo´n˜ez et al., 2008; Yuk and Marshall,
2004). Therefore, the decrease in the membrane fluidity as a result of producing
more SFA and CFA and less USFA might be one possible explanation why LA-
adapted S. Enteritidis had greater heat and acid resistance than control cells and
TSP-adapted cells.
Interestingly, the expression level of RpoS was upregulated in TSP-adapted
cells but not in LA-adapted cells that had greater acid resistance. It has been
found that exposure of mid-log S. Typhimurium cells to acid shock at pH 4.4 for
60 min could induce RpoS protein expression approximately 4-fold (Lee et al.,
1995), whereas the acid tolerance induced by exposure of stationary-phase cells
to acid shock at pH 3 was both RpoS-inducible (induced by entry into stationary
phase) and pH-inducible (Lee et al., 1994). However, the present study indicated
that long-term exposure of S. Enteritidis to acidic conditions with lactic acid would
not upregulate the expression of RpoS. This finding is in agreement with the study
of King et al. (2006) who reported that the level of RpoS was significantly lower in
E. coli grown in nutrient-limited chemostats under an acidic condition than that
under a neutral condition but slightly higher in that under an alkaline condition.
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Similar to RpoS, the expression level of RpoH was upregulated in TSP-adapted
cells that had lower heat resistance. Maurer et al. (2005) also reported that rpoH
in E. coli K-12 grown in potassium-modified Luria-Bertani (LB) medium buﬀered
at pH 5 was repressed compared to those grown at pH 8.7. In addition, alkaline
shift from pH 7.0 to pH 8.8 for 5 to 10 min contributed to 6-fold induction of
the expression of the HSPs (DnaK and GroEL) in E. coli, which were under the
control of RpoH; while acidic shift from pH 8.0 to pH 6.0 could not activate major
HSPs (Taglicht et al., 1987). Contrarily, Sampathkumar et al. (2004) reported
that exposure of S. Enteritidis to pH 10 or 1.5% TSP for 1 h did not cause any
diﬀerence in the expression of DnaK and GroEL compared to the untreated control.
The opposite responses of S. Enteritidis might be due to the higher pH and the
shorter exposure time used in their study.
It is still unknown why RpoS or RpoH is induced in TSP-adapted cells; how-
ever, it is interesting to find that the expression level of RpoS or RpoH was up-
regulated in cells with increased membrane fluidity, such as cells adapted to TSP
in this chapter and those to low temperatures as described in Chapter 3, but not
in the cells with decreased membrane fluidity (Sampathkumar et al., 2004). Based
on these results, it is hypothesized that the induction of RpoS or RpoH might
occur when the changes in membrane lipid composition could not provide enough
protection against the stress conditions. Therefore, the present results obviously
indicate that greater acid and heat resistance of LA-adapted cells are attributed to
the decreased membrane fluidity but not the upregulation of RpoS and RpoH.
Many physical and chemical factors, such as temperature, pH, osmolarity,
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and oxygen, can act as environmental cues to regulate virulence gene expression
(Guiney, 1997). Therefore, the expression levels of four virulence-related genes, in-
cluding spvR, hilA, sefA, and avrA, after adaptation to LA or TSP were determined
in this study to see if the transcription levels of these virulence genes were aﬀected.
The results showed that long-term exposure of cells to TSP induced the expression
of spvR, hilA, and avrA but sefA was downregulated in both LA- or TSP-adapted
cells. It is possible that the upregulation of spvR and the downregulation of se-
fA in TSP-adapted cells result from the upregulation of RpoS because RpoS is a
positive regulator of spvR expression but a negative regulator of sefA expression
(Chen et al., 1995; Edwards et al., 2001; Kowarz et al., 1994). It is known that the
expression of hilA in S. Typhimurium is induced under slightly alkaline condition,
low oxygen content and relatively high osmolarity conditions, which simulates the
bowel lumen (Bajaj et al., 1995; Guiney, 1997). For this reason, hilA gene was
upregulated in cells in TSP-9.0 since its final pH value was slightly above the neu-
tral condition (pH 7.6) at the stationary phase. Although the regulation of avrA is
largely unknown, it is likely that the mechanism inducing avrA expression in the
TSP-adapted cells is the same as that inducing hilA expression because AvrA also
enhances Salmonella intestinal invasion ability (Lu et al., 2010). Therefore, these
results indicate that the upregulation of virulence genes under alkaline conditions
might correlate with the regulation of RpoS, as well as, the environment of human
intestinal tract that is a slightly alkaline condition.
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4.5 Conclusions
S. Enteritidis adapted to LA-5.3 and LA-6.3 were more acid and heat resistant
than control cells and cells adapted to TSP. The increased acid and heat resistance
caused by LA adaptation was presumably due to the decreased membrane fluidity
under acidic conditions rather than the induction of RpoS and RpoH. Although
TSP adaptation could induce the expression of RpoS and RpoH, which might serve
as a survival strategy to cope with adverse environments, they were insuﬃcient
to confer greater resistance on S. Enteritidis to lethal acid and heat treatments.
Finally, LA or TSP adaptation might change S. Enteritidis virulence potential
because LA adaptation increased S. Enteritidis acid resistance and thus might
lower the infective dose required to cause diseases; while upregulation of spvR,
hilA, and avrA was observed in TSP-adapted cells. Therefore, this study indicates
that changes in bacterial membrane lipid composition after LA adaptation might
play an important role in subsequent survival of S. Enteritidis under lethal acid and
thermal conditions rather than alterations in the expression of RpoS and RpoH.
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Chapter 5
Adaptation to Temperature and Antimicrobial
Stresses Alters Salmonella Enteritidis Surface
Properties and Its Initial Attachment to Food
Contact Surfaces
5.1 Introduction
Biofilm formation is also a survival strategy of bacteria under stress condi-
tions besides changes in membrane fluidity and synthesis of regulatory proteins
because biofilm cells can better withstand harsh environments than their plank-
tonic counterparts (Jeﬀerson, 2004). The biofilm forming ability of Salmonella on
various surfaces, such as glass, stainless steel, polycarbonate, concrete, tile, acrylic
and polystyrene, has been well documented (Corcoran et al., 2014; Giaouris et al.,
2005; Giaouris and Nychas, 2006; Kim and Wei, 2007; Nguyen et al., 2014). How-
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ever, most of these studies have focused on the impacts of environmental conditions
on the later stage of Salmonella biofilm formation (at least after incubation for 24
h) and relatively little attention has been paid to its initial attachment which is
one of the critical steps in the biofilm development. To my knowledge, bacteri-
al attachment to surfaces has not been fully understood and it is thought to be
mediated by the properties of both bacterial cells and contact surfaces, such as hy-
drophobicity, surface charge, surface roughness, the presence of fimbriae, flagella,
and extracellular polymeric substances (Simo˜es et al., 2010b).
xDLVO (extended Derjaguin-Landau-Verwey-Overbeek) theory assumes that
particle adhesion is driven by the sum of Lifshitz-van der Waals (LW), Lewis acid-
base (AB), and electrostatic double layer (EL) interaction energies as a function
of the separation distance between a particle and a hard surface. Several studies
have used this theory to explain bacterial attachment to contact surfaces due to
the similarity between the dimension of a bacterial cell and a colloidal particle. For
example, some investigators have found that bacterial attachment could be predict-
ed by the xDLVO model (Harimawan et al., 2013; Kumar and Ting, 2013), while
others have reported that xDLVO model could not explain bacterial attachment in
all cases (Chia et al., 2011; Nguyen et al., 2011a).
Prior growth conditions, such as pH, temperature, nutrient, etc., have been
shown to aﬀect the physicochemical characteristics of L. monocytogenes and its
initial adhesion to food contact surfaces (Skovager et al., 2013; Smoot and Pierson,
1998). However, there is a lack of information regarding the adhesion of Salmonella
spp. pre-grown under diﬀerent environmental conditions to food contact surfaces.
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A better understanding of how environmental pre-growth conditions aﬀect initial
adhesion of bacterial pathogens to the food contact surfaces will help to design
better strategies to prevent bacterial attachment and thus inhibit biofilm forma-
tion. Therefore, the objective of the study in this chapter was to investigate the
eﬀect of previous growth temperature and pH on the initial adhesion of S. Enter-
itidis to two food contact surfaces (acrylic and stainless steel 304). In addition,
surface properties of S. Enteritidis grown under diﬀerent growth conditions were
determined and their roles in bacterial initial attachment to contact surfaces were
predicted by xDLVO theory.
5.2 Material and methods
5.2.1 Bacterial strain and culture conditions
Bacterial strain and culture conditions were described in Section 3.2.1.
5.2.2 Initial attachment
The eﬀect of previous growth temperature and pH on bacterial initial attach-
ment was investigated by preparing adapted S. Enteritidis cells at diﬀerent temper-
atures (10, 25, 37, and 42 ◦C) or in TSB with diﬀerent pHs (pH 5.3, 6.3, 7.3, 8.3,
and 9.0) adjusted by LA and TSP as described in Section 3.2.2 and 4.2.2. Adapted
cells were harvested (3,500 ×g, 4 ◦C for 10 min) and washed twice with 0.15 mol/L
NaCl. Working cell suspensions were prepared by re-suspending the washed cells
in TSB to achieve an initial concentration of 107 CFU/mL. Cells grown at 37 ◦C,
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pH 7.3 were used as control.
Acrylic and stainless steel (grade 304) coupons were used as the models of food
contact surfaces. Prior to use, coupons (2.5 cm × 1 cm × 0.2 cm) were soaked in a
detergent solution (Teepol Multipurpose Detergent, Supply Trade Ltd., Kent, UK)
and sonicated for 30 min (57H, Ney Dental International, CT, USA). Thereafter,
coupons were immersed in 70% (v/v) ethanol and sonicated for another 15 min.
After each sonication step, coupons were rinsed with tap water and deionized water
to remove any remaining residues. All coupons were air-dried and autoclaved at
121 ◦C for 15 min. Each sterile coupon was transferred to a test tube containing 10
mL of cell suspension (107 CFU/mL) and incubated at 25 ◦C under static condi-
tion. Coupons were removed at appropriate time intervals and the number of cells
attached to the coupons was counted as described below.
5.2.3 Enumeration of attached cells
Each coupon bearing attached cells was carefully transferred from the test tube
to a sterile petri dish. The coupon was gently tapped against the side of the petri
dish using sterile forceps to remove excess liquid droplets and washed three times
with 10 mL of PBS to remove any loosely attached cells. The coupon was then
transferred to a sterile test tube containing 9 mL of 0.1% (w/v) peptone water.
Detachment of cells from the coupons was performed by sonication (48 kHz) for 3
min. After sonication, the cell suspension was diluted with 0.1% peptone water and
spiral plated on TSA plates. Enumeration of cells was conducted by an automated
colony counter after incubation of TSA plates at 37 ◦C for 24 h.
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5.2.4 Evaluation of biofilms with a fluorescence microscope
To evaluate the biofilm formation, coupons were stained with the LIVE/DEAD R⃝
BacLight Bacterial Viability Kit (Molecular Probes Eugene, OR, USA). Briefly, 3
µL of SYTO R⃝9 stain and 3 µL of propidium iodide (PI) stain were added to 1
mL of sterilized deionized water to prepare a working solution. Each biofilm sam-
ple was stained with 200 µL of the working solution and incubated in dark for 30
min. After incubation, samples were gently washed with sterilized deionized water
and air-dried. The biofilms were observed under 40× or 100× objective lens using
a Olympus BX51 fluorescence microscope (Olympus corporation, Tokyo, Japan)
equipped with an Olympus DP71 camera, an U-RFL-T mercury lamp, and appro-
priate filter cubes for SYTO R⃝9 (WB, DM500, BP450-480, BA515) and PI (WG,
DM570, BP510-550, BA590).
5.2.5 Zeta potential measurements of bacteria and coupons
Zeta potential measurement of S. Enteritidis and coupons was performed as
previously described with slight modification (Chia et al., 2011). Briefly, adapted
cells were harvested, washed twice with 0.15 mol/L NaCl and resuspended in TSB
to obtain a cell density of around 108 CFU/mL. Zeta potential of bacterial cells
was measured at pH 7.0 using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK). Zeta potential of acrylic or stainless steel surface was measured
using a Surpass Electrokinetic Analyzer (Anton Paar GmbH, Graz, Austria) at pH
7.0 with 0.001 mol/L KCl as buﬀer solution.
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5.2.6 Contact angle measurements of bacteria and coupons
Contact angle measurements were carried out based on sessile drop method
using a goniometer (VCA optima, AST Products Inc., Billerica, MA, USA) at
room temperature. The three liquids used for contact angle measurements were
water, ethylene glycol (Sigma-Aldrich) and hexadecane (Alfa Aesar, Ward Hill,
MA, USA). For bacterial cells, cells prepared as described above were adjusted to
a concentration of 109 CFU/mL. Bacterial lawns were prepared by filtering 25 mL
of the cell suspension onto a mixed cellulose membrane filter with 0.22 µm pore
size using negative pressure. The membrane was attached to a glass slide using
double-sided adhesive tape and air dried for 1 h. One microliter of each liquid was
deposited on the membrane. For the coupons, the measurement was performed
by directly placing 1 µL of each liquid onto the surface. The droplet image was
automatically captured by a high-resolution video camera and the contact angle
was calculated by AutoFAST contact angle calculation software (AST Products
Inc.).
5.2.7 Calculation of surface tension components and hy-
drophobicity
The surface tension components of a solid surface were calculated using Y-
oung’s equation (van Oss, 1995):
















where θ is the contact angle, γL is the surface energy of the liquid, γLW ,
γ+, and γ−, are the Lifshitz-van der Waals, electron-acceptor and electron-donor
components of the surface tension for solid (S) and liquid (L). The surface tension
parameters (γL, γLLW , γL+, and γL−) of the three liquids used were obtained from
the literature (Bos et al., 1999).
The hydrophobicity was calculated from the surface tension component values


























If ∆Giwi < 0, the surface is considered hydrophobic; if ∆Giwi > 0, the surface
is considered hydrophilic. The surface tension components and hydrophobicity for
bacteria were determined using equations (5.1) and (5.2) by replacing γSLW , γS+,
and γS− with γBLW , γB+, and γB−.
5.2.8 Calculation of free interaction energies based on xDL-
VO theory
The xDLVO free energy of interaction was ascertained as the sum total of
Lifshitz-van der Waals (LW), Lewis acid-base (AB), and electrostatic double layer
(EL) free energy of interaction (van Oss, 1993):
∆GxDLV O = ∆GLW +∆GAB +∆GEL (5.3)
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The Lifshitz-van der Waals (LW) interaction was calculated with the following












where l is the separation distance, l0 is the minimum separation distance (0.157
nm), γ is the radius of the cell (2.07 µm) that was measured with Zetasizer Nano
ZS using dynamic light scattering.
The Lewis acid-base interaction was determined with the equations below
(Harimawan et al., 2013):




































where λ is the characteristic decay length of AB interaction in water (0.6 nm
for hydrophilic bacteria).
The electrostatic double layer interaction was calculated as follows (Hari-




2 ln [1 + exp (−κl)] + (ϕB − ϕS)2 ln [1− exp (−κl)]
}
(5.7)
where ε (7.08×10−10 F/m) is the electrical permittivity of the medium, ϕB
and ϕS are the zeta potential of the bacteria and the coupon, respectively, κ
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(9.09×108/m) is the reciprocal Debye length.
5.2.9 Statistical analysis
Initial attachment and zeta potential were determined from independent trip-
licate experiments with technical duplicate. Contact angle measurements were per-
formed on three independent bacterial lawns or coupons with at least five droplets.
Statistical analysis was carried out by one-way analysis of variance (ANOVA) and
means were compared by Duncan’s multiple range test using SPSS software. P
value below 0.05 was considered as significant.
5.3 Results
5.3.1 Eﬀect of pre-growth temperature and pH on initial
attachment
The eﬀect of pre-growth temperature on the attachment of S. Enteritidis to
acrylic and stainless steel is shown in Fig. 5.1. The results indicated that S.
Enteritidis attached to the tested surfaces in a very short time. After 0.17 h of
incubation, the population of attached cells ranged from 3.52 to 4.97 log CFU/cm2
and 3.27 to 5.17 log CFU/cm2 on acrylic and stainless steel, respectively, depend-
ing on their previous growth temperature. During the first hour, increasing the
growth temperatures from 10 to 37 ◦C significantly (P<0.05) enhanced the initial
attachment, whereas increasing the growth temperature further to 42 ◦C resulted in
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Fig. 5.1: Attachment of S. Enteritidis previously grown at various temperatures (10, 25, 37 and
42 ◦C) to (A) acrylic and (B) stainless steel immersed in TSB (pH 7.3) at 25 ◦C. Bars with
diﬀerent letters indicate that mean values are significantly diﬀerent (P<0.05).
95
significantly lower level of attachment compared to the cells grown at 25 or 37 ◦C.
Compared to cells grown at 10 ◦C, the attachment of cells grown at 42 ◦C to acrylic
or stainless steel was approximately 0.5 or 1.0 log CFU/cm2 higher in the first 0.33
h, respectively. However, a similar cell population (P>0.05) was found on both
tested surfaces from 0.5 h onward.
The eﬀect of pre-growth pH on the attachment of S. Enteritidis to acrylic and
stainless steel is shown in Fig. 5.2. During the first 6 h, cells grown under acidic
(pH 5.3 and 6.3) and neutral (pH 7.3) conditions exhibited greater attachment
than cells grown under alkaline (pH 8.3 and 9.0) conditions. For example, the
population of attached cells at 0.17 h on acrylic was 5.21, 5.25, 4.97, 4.54, and
4.18 log CFU/cm2 for cells grown at pH 5.3, 6.3, 7.3, 8.3 and 9.0, respectively.
There was no significant diﬀerence in the level of attachment between control cells
and cells previously cultivated under acidic conditions. However, the attachment
of cells pre-grown at pH 8.3 was significantly higher compared to those pre-grown
at pH 9.0 in the first 0.17 h of incubation.
Regardless of the previous growth temperature and pH conditions, a small
increase in the number of attached cells was seen as incubation time increased
and the maximum population of attached cells was achieved at 6 h of incubation.
However, a slight decrease in the population of attached cells occurred at 12 h and
the population remained the same until 24 h.
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Fig. 5.2: Attachment of S. Enteritidis previously grown at various pHs (pH 5.3, 6.3, 7.3, 8.3 and
9.0) to (A) acrylic and (B) stainless steel immersed in TSB (pH 7.3) at 25 ◦C. Bars with diﬀerent
letters indicate that mean values are significantly diﬀerent (P<0.05).
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To confirm that the lower attachment was not due to the incomplete removal
of biofilm at a later stage using the sonication method, biofilms formed by control
cells at 6 h or 24 h before and after sonication were stained with SYTO R⃝9 and PI
dyes (Fig. 5.3). The results showed that higher population density was observed
at 6 h compared to 24 h. In addition, all biofilm cells were removed from the
contact surface after 3 min of sonication. The complete removal of biofilm cells
from acrylic surface was also observed (data not shown). No significant diﬀerence
between the number of cells attached to acrylic and that attached to stainless steel
was observed under all test conditions.
Fig. 5.3: Fluorescence microscopy images of S. Enteritidis biofilms growing on stainless steel
surface stained by SYTO R⃝9 and PI dyes. (A and B) biofilms formed in TSB for 6 h at diﬀerent
magnifications before and (C) after sonication, and (D and E) 24 h before and (F) after sonication.
Scale bars represent 50 µm.
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5.3.2 Zeta potential of bacteria and coupons
The surface charges of bacterial cells under diﬀerent growth conditions are pre-
sented in Table 5.1. The results showed that S. Enteritidis cells had a net negative
charge on their cell surface for all conditions examined. However, the magnitude
of the charge was significantly (P<0.05) aﬀected by their growth conditions. For
the temperature eﬀect, the most negative surface charge was found for the cells
grown at 10 ◦C, with a potential of -6.27 mV; while the least negative one was
obtained for the control cells grown at 37 ◦C, with a potential of -3.77 mV. For the
pH eﬀect, the highest and the lowest negatively charged cells were those cultivated
at alkaline conditions, with a potential of -4.59 and -2.94 mV for cells grown at pH
8.3 and 9.0, respectively. However, no significant diﬀerence (P>0.05) in the surface
charge was observed for control cells grown at pH 7.3 and cells grown under acidic
conditions. The surface charges of the contact surfaces are shown in Table 5.2.
Both surfaces were negatively charged, and acrylic was more negatively charged
compared to stainless steel.
5.3.3 Surface tension components and hydrophobicity
The contact angle values of bacterial cell lawns as well as the calculated surface
tension components and hydrophobicity based on contact angles are shown in Table
5.1. Regardless of the growth conditions, all cells had higher γB− values compared
to γB+ values, indicating that all cell surfaces had higher electron donating than















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































zero and thus cells were considered as hydrophilic under all tested conditions. Cells
grown at 10 ◦C had the highest electron donating property (78.63 mJ/m2) and the
most hydrophilic surface (77.05 mJ/m2) among the cells grown at tested tempera-
tures, while control cells grown at 37 ◦C had the lowest electron donating property
(55.10 mJ/m2) and the least hydrophilic surface (46.85 mJ/m2). Growth under
acidic (pH 5.3 and 6.3) conditions did not significantly (P>0.05) modify S. Enter-
itidis surface physicochemical characteristics, but cells grown under alkaline (pH
8.3 and 9.0) conditions were more hydrophilic and more likely to donate electrons,
compared to control cells grown under a neutral (pH 7.3) condition .
The contact angles, surface tension components, and hydrophobicity of acrylic
and stainless steel are presented in Table 5.2. Similar to the bacteria, both acrylic
and stainless steel had surfaces that were predominantly electron donors (high
values of γS−). However, both materials were hydrophobic due to the negative
values of ∆Giwi. Comparing the hydrophobicity of the materials, stainless steel
was more hydrophobic than acrylic, with ∆Giwi value of -44.45 mJ/m2 and -31.18
mJ/m2, respectively.
5.3.4 Adhesion prediction based on xDLVO theory
Components of total interaction energy for S. Enteritidis previously grown
at pH 7.3, 37 ◦C on acrylic and stainless steel are presented in Fig. 5.4. It was
found that∆GLW and∆GAB were always negative, implying attractive LW and AB
interactions between cells grown at pH 7.3, 37 ◦C and acrylic (Fig. 5.4A). However,
at a relatively long separation distance, repulsive EL interaction was observed and
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it reached a maximum value of about 60 kT at 1.6 nm. As the separation distance
became shorter, the negative influence of EL interaction diminished, and became
attractive when the separation distance was smaller than 1 nm.
Fig. 5.4: Components of total interaction energy between S. Enteritidis previously grown at pH
7.3, 37 ◦C and (A) acrylic and (B) stainless steel. xDLVO, total xDLVO interaction; GLW,
Lifshitz-van der Waals interaction; GEL, electrostatic double layer interaction; GAB, Lewis acid-
base interaction.
Similar to acrylic, LW interaction between the cells grown at pH 7.3, 37 ◦C
and stainless steel was always attractive while EL interaction was attractive at a
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shorter separation distance (< 0.5 nm) but repulsive at a long separation distance
(Fig. 5.4B). In contrast, at separation distance less than 5 nm, AB interaction with
stainless steel was repulsive with a maximum value of 5980 kT at the minimum
separation distance.
The profiles for LW, EL, and AB interaction energy between acrylic or stainless
steel and S. Enteritidis grown under other conditions as a function of separation
distance were very similar to cells grown at pH 7.3, 37 ◦C. Nevertheless, ∆GAB
were positive between acrylic and cells grown at 10, 25, and 42 ◦C, as well as, for
cells grown at pH 8.3 and 9.0, which was similar to the AB interactions between
stainless steel and cells grown at pH 7.3, 37 ◦C. The interaction energy of each
component and total interaction energies between Salmonella cells and acrylic or
stainless steel at the minimum separation distance (0.157 nm) are shown in Table
5.3.
The xDLVO interaction energy profiles, which were the summation of ∆GLW ,
∆GAB, and ∆GEL, between S. Enteritidis grown under diﬀerent conditions, and
acrylic or stainless steel are shown in Table 5.3 and Fig. 5.5. xDLVO theory
predicted repulsive force between acrylic and cells grown under most of the test-
ed conditions, as indicated by the positive values of ∆GxDLV O. Only the control
cells grown at 37 ◦C, pH 7.3 and cells grown at pH 5.3 and 6.3 were favorable for
attachment to acrylic. For stainless steel, positive ∆GxDLV O values were found
for all tested conditions, suggesting repulsive interaction between the bacteria and
stainless steel irrespective of the treatment applied. Compared to stainless steel,


























































































































































































































































































































































































































































































due to the lower ∆GxDLV O values (Table 5.3). For example, ∆GxDLV O value be-
tween control cells grown at 37 ◦C and acrylic was -4380 kT, while it was 5810 kT
between the cells and stainless steel. In addition, the attachment of control cells
grown at 37 ◦C to acrylic or stainless steel was predicted to be higher than cells
grown at 42 ◦C, followed by those grown at 25 and 10 ◦C. For diﬀerent pHs, control
cells grown at pH 7.3 was predicted to attach to acrylic or stainless steel more than
cells grown at pH 5.3, followed by those grown at pH 6.3, pH 8.3, and pH 9.0.
Fig. 5.5: Total interaction energy calculated based on xDLVO theory between S. Enteritidis




Adhesion is the first step in the establishment of foodborne pathogens in a
food-processing environment, and is critical for their subsequent biofilm develop-
ment and persistence on food contact surfaces. Before contact with the surfaces,
Salmonella might have been exposed to diﬀerent environmental stresses, such as
heat, cold, acidic or alkaline antimicrobial conditions, due to the physical and chem-
ical treatments used to eliminate or control them. These environmental stresses
might influence the physicochemical properties of Salmonella and thus aﬀect cell
adhesion and biofilm formation. Therefore, S. Enteritidis grown at diﬀerent tem-
peratures or pHs were used as inoculum and the initial attachment was investigated
at room temperature to simulate the real food processing environment.
The results obtained from the present study demonstrated that the growth
conditions of S. Enteritidis prior to the exposure to the test surfaces aﬀected the
level of attachment. Higher attachment levels were achieved by control cells pre-
grown at 37 ◦C, pH 7.3, or pre-grown under acidic (pH 5.3 and 6.3) conditions.
Similar to the present results, Smoot and Pierson (1998) reported that optimum
growth conditions (30 ◦C, pH 7.0) promoted the attachments of L. monocytogenes
to Buna-N rubber and stainless steel. However, they found that previous growth
under an acidic (pH 5.5) condition inhibited the bacterial attachment, which was
even lower than the attachment by cells grown under an alkaline (pH 8.5) condition.
On the other hand, preculturing in a lactic acid-supplemented medium (pH 6.0)
has been reported to result in better adhesion of L. monocytogenes to stainless
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steel (Briandet et al., 1999b). The diﬀerent eﬀects of acidic growth conditions on
subsequent attachment to tested surface observed in these studies might be due
to the diﬀerences in the experimental conditions, such as diﬀerent bacterial strains
and culturing procedures.
Two surfaces, acrylic and stainless steel 304, were used in this study due to
their popularity in the food industry (Leclercq-Perlat and Lalande, 1994). The
results showed that the attachment of S. Enteritidis to both contact surfaces was
not significantly diﬀerent under all tested temperature and pH conditions. By
contrast, Nguyen et al. (2014) used the same tested surfaces and reported that S.
Typhimurium was more adherent to stainless steel than to acrylic. The diﬀerent
results indicate that attachment of Salmonella spp. to food contact surfaces might
be serotype-dependent and it might be imprudent to conclude that one food contact
surface is superior to the other or others based on the observation from only one
or a few Salmonella strains.
To explore if the diﬀerences in initial attachment resulting from diﬀerent
growth conditions were due to the alterations in physicochemical properties, cel-
l hydrophobicity was determined using contact angle measurement. The results
indicated that although all cells were hydrophilic, cells grown at optimal growth
temperature and pH, or under acidic conditions were more hydrophobic than cells
grown under other conditions. Similarly, Moorman et al. (2008) and Giotis et al.
(2009) found that an alkaline condition and low temperature could decrease the
hydrophobicity of L. monocytogenes and L. innocua, respectively. However, it has
been reported that an acidic condition could increase the hydrophobicity of L. in-
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nocua and S. Typhimurium compared to a neutral condition (Leyer and Johnson,
1993; Moorman et al., 2008). Although some studies found positive correlations
between cell surface hydrophobicity and bacterial attachment to surface (Nguyen
et al., 2011b; Wan Norhana et al., 2009), other investigations indicated that there
was a lack of correlation (Chae et al., 2006; Oliveira et al., 2007). The present
study showed that adhesion of S. Enteritidis with higher hydrophobicity to the
tested surfaces was usually significantly higher than those with lower hydrophobic-
ity.
Surface charge has also been suggested to play a role in bacterial attachment
(Kumar and Ting, 2013; Wan Norhana et al., 2009). The results of bacterial sur-
face charge demonstrated that all S. Enteritidis cells were negatively charged, with
values ranging from -2.94 to -6.27 mV, which were comparable to those reported
by Chia et al. (2011) for other Salmonella serotypes. The negative charge of cell
surface might be attributed to the excessive carboxyl and phosphate groups located
in the cell walls (Goulter et al., 2009). As the tested surfaces were also negative-
ly charged, the electrostatic double layer interactions between S. Enteritidis and
surfaces were repulsive. Therefore, less negatively charged cells would experience
lower electrostatic repulsion. Surface charge and attachment were generally corre-
lated in this study, except that the cells grown at pH 9 with least negative charge
had a poor attachment capability. These contradictory results indicated that fac-
tors other than surface charge might be involved in determining bacterial initial
attachment.
Due to the complexity of bacterial initial attachment to surfaces, xDLVO the-
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ory, which takes Lifshitz-van der Waals, Lewis acid-base, and electrostatic double
layer interaction energies between the surface and the bacterium into consideration,
was used in this study to predict the attachment of S. Enteritidis grown under var-
ious conditions to the tested surfaces. In general, there were good agreements
between the theoretical predictions and the experimental data. For example, the
theory successfully predicted that the attachment of control cells grown at 37 ◦C
was more favorable than those grown at other temperatures. This was also true for
the pH study that control cells grown under a neutral condition and cells grown
under acidic conditions were predicted to be more favorable for attachment than
cells grown under alkaline conditions. The successful prediction of poor attach-
ment capability of cells pre-grown at pH 9 by xDLVO was due to the fact that
xDLVO theory assumes that Lewis acid-base interaction plays the dominant roles
in bacterial attachment to surfaces (Table 5.3).
However, the theory incorrectly predicted that the attachment of S. Enteritidis
grown at 42 ◦C would be greater than that of cells grown at 25 ◦C. The failures of
xDLVO theory in predicting the adhesion of microorganisms to surfaces have also
been reported in several studies (Chia et al., 2011; Hwang et al., 2013; Nguyen et al.,
2011a). One reason why the theoretical predictions are not in accordance with the
experimental data could be due to the fact that the theory assumes smooth and
uniform surfaces and does not take account of the roughness and the heterogeneity
of bacterial cells and contact surfaces (Wang et al., 2015). In addition, xDLVO
theory assumes direct contact between the bacteria and the substrate, but cell
adhesion may occur from a distance (Bayoudh et al., 2009). Bacterial surface
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is covered by a variety of polymers, including lipopolysaccharides, appendages,
and extracellular polysaccharides for Gram-negative bacteria. Attractive polymer
interactions may occur when the surface polymers have a high aﬃnity for the
surface and are long enough to bridge the distance between the surface and the
bacteria (Jucker et al., 1998). At large separation distance (>5 nm), the energy
barrier for bacteria to overcome is very small and cells may be attracted towards
the surface due to the attractive Lifshitz-van der Waals force alone. Therefore, new
models for the prediction of bacterial attachment should take biological properties
of bacteria and the surface roughness into account.
The theory predicted repulsive force between all cells and stainless steel, and
between most cells and acrylic. At 0.157 nm, the xDLVO interaction energies be-
tween cells and acrylic were lower compared to those between cells and stainless
steel, and hence acrylic would be a better surface for cell attachment. However,
the attachments of S. Enteritidis to the two surfaces were not significantly diﬀerent
(P>0.05) in this study. This is probably because the xDLVO prediction was made
with the zeta potential and contact angle measurements on the bare surfaces. On
the contrary, the attachment of bacteria to surfaces in this study took place in
TSB. The presence of organic compounds in the suspension would result in the
development of a conditioning film on the surface of the coupons, which may re-




This was the first study to investigate the eﬀect of pre-growth conditions on
the bacterial cell surface properties as well as on the subsequent attachment of S.
Enteritidis to acrylic and stainless steel. The results showed that the initial at-
tachments were higher for control cells grown at optimal temperature and pH in
addition to cells grown under acidic conditions. All cells were hydrophilic and neg-
atively charged, but the magnitude varied with the growth conditions. Generally,
cells that achieved higher attachment had higher hydrophobicity and less negative
charge. Although stainless steel was more hydrophobic and less negatively charged
compared to acrylic, no significant diﬀerence between them in the attachments
was observed. The diﬀerent attachment capabilities of cells grown under diﬀerent
conditions were explained by xDLVO theory in most cases. However, other deter-
minants (such as surface roughness and heterogeneity of both bacteria and contact
surface as well as the presence of bacterial cell surface structures) should be tak-
en into consideration when designing new models to predict bacterial attachment.
The present study indicates that current control measures including cold storage,
thermal treatment, or alkaline antimicrobials might also be eﬀective in inhibiting
the initial attachment of S. Enteritidis to food contact surfaces; however, acidic




Biofilm Formation of Salmonella Enteritidis
under Food-Related Environmental Stress
Conditions and Its Subsequent Resistance to
Chlorine Treatment
6.1 Introduction
Biofilms formed by Salmonella on the surface of food processing facilities pro-
vide a source of pre- or post-processing contamination of food products. Hence,
adequate cleaning and sanitizing procedures are essential to control and remove
biofilms in the food industry. To date, several types of chemical sanitizers have
been approved by FDA for use on the food contact surface (FDA, 2014), among
which chlorine-based sanitizers are the most widely used due to its low price and
broad-spectrum bactericidal activities (Liu et al., 2006). To achieve a safe and
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eﬀective sanitizing eﬀect, chlorine is recommended to be used at a concentration
of 50–200 ppm with pH 6.0–7.5 (Parish et al., 2003).
It has been known that environmental factors, such as temperature, pH, nu-
trients, osmolarity, and oxygen levels, play significant roles in biofilm formation
(Giaouris et al., 2012). In addition, a few studies also demonstrated that culture
conditions could aﬀect the resistance of bacterial biofilms to sanitizing agents (Ab-
dallah et al., 2015, 2014; Belessi et al., 2011; Nguyen and Yuk, 2013). In food
processing plants, Salmonella might experience diﬀerent kinds of stresses during
food processing and storage, such as low temperature, acidic and alkaline antimi-
crobials, and starvation. However, little is known about how these environmental
stresses would aﬀect S. Enteritidis biofilm formation and its resistance to sanitizing
agents. Moreover, the mechanisms behind the altered resistance of biofilms after
exposure to diﬀerent stresses are still unclear. A deeper understanding of S. Enteri-
tidis biofilm formation under diﬀerent food-related environmental stress conditions
and its subsequent resistance to sanitizers would be conducive to propose better
strategies to reduce and eliminate biofilms in the food industry.
Therefore, the objective of the study in this chapter was to investigate the
eﬀects of temperature (4 and 25 ◦C), pH (pH 5.3, 7.3, and 8.3), and nutrient avail-
ability (TSB and 20 times diluted TSB) on the biofilm formation of three diﬀerent
S. Enteritidis strains, as well as on the resistance of S. Enteritidis biofilms to chlo-
rine treatment. In addition, the capability of diﬀerent S. Enteritidis strains to
produce curli fimbriae and cellulose, along with the structure and cellulose produc-
tion of biofilms formed under diﬀerent environmental conditions were investigated
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for a better understanding of resistance of S. Enteritidis biofilms during sanitizer
treatment.
6.2 Material and methods
6.2.1 Bacterial strains and culture conditions
Three Salmonella Enteritidis strains were used in this study. S. Enteritidis
ATCC13076 was purchased from the American Type Culture Collection, while S.
Enteritidis 124 (phage type 8, Maryland Department of Health and Mental Hygiene,
MD, USA) and 125 (phage type 13A, U.S. Department of Agriculture, Washington
DC, USA) were obtained from Dr. Kunho Seo of Konkuk University in Republic
of Korea. Culture conditions were described in Section 3.2.1.
After two consecutive transfers at 37 ◦C for 18 h, cells were concentrated by
centrifugation at 3,500 ×g, 4 ◦C for 10 min and washed twice using PBS. Cell
suspension was prepared by resuspending the pelleted cells with PBS to obtain an
initial concentration of 1010 CFU/mL.
6.2.2 Biofilm formation
Biofilms were formed in either TSB or 20 times diluted TSB (1/20 TSB)
under diﬀerent temperature (4 or 25 ◦C) and pH (pH 5.3, 7.3, or 8.3) conditions.
The pH of the media was adjusted with either LA or TSP, which are widely used
to decontaminate poultry products (USDA, 2015). Cell suspension was added to
each medium to achieve a final concentration around 108 CFU/mL. Twenty-five
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milliliters of the inoculated media were dispensed into each sterile petri dish (Φ
90 mm) containing four sterile stainless steel coupons, of which two coupons were
used as control and the other two were treated with a sanitizer. The petri dishes
were incubated for 2, 4, or 7 days under static conditions.
6.2.3 Chlorine treatment
Chlorine solution was freshly prepared by diluting the sodium hypochlorite
solution (Bleach, Hygold Chemical Supplies, Singapore) to 50 ppm with potassium
phosphate buﬀer solution (0.05 mol/L, pH 6.8). The concentrations of free chlorine
in the solution were confirmed using an RQflex R⃝10 reflectometer (Merck) accord-
ing to the manufacturer’s instructions. To determine the resistance of biofilms
formed under diﬀerent conditions to chlorine treatment, coupons were carefully
taken out of the petri dish with sterile forceps and gently washed three times with
PBS to remove any loosely attached cells. A coupon was subsequently placed in
a sterile plastic tube containing 5 mL of chlorine solution and treated for 1 min.
After chlorine treatment, the coupon was immediately put in a centrifuge tube
with 5 mL of D/E neutralizing broth (Acumedia, lansing, MI, USA) to neutralize
the residual chlorine solution.
6.2.4 Enumeration of planktonic and attached cells
The number of planktonic cells in the petri dish was monitored at day 2, 4,
and 7. Briefly, 1 mL of cell suspension was withdrawn and diluted with 0.1% (w/v)
peptone water. Fifty microliters of cell suspensions with appropriate dilutions were
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then spiral plated on TSA plates and the plates were incubated at 37 ◦C for 24 h.
Enumeration of cells was conducted by an automated colony counter and the detec-
tion limit was 20 CFU/mL. To enumerate the number of attached cells on a coupon
without chlorine treatment, the coupon was carefully washed three times with PB-
S and transferred into a sterile centrifuge tube containing 5 mL of 0.1% (w/v)
peptone water. The centrifuge tube was then placed into the ultrasonic bath and
sonicated at 48 kHz for 3 min, followed by vigorously vortexed for 30 s to remove
and disaggregate the biofilm cells from the coupon. The method was confirmed to
be suﬃcient for the removal of attached cells (data not shown). Meanwhile, the
enumeration of attached cells on a coupon after chlorine treatment was performed
by directly subjecting the centrifuge tube with 5 mL of D/E neutralizing broth
to sonication and vortex. The cell suspension in the centrifuge tube was diluted,
spiral plated, and the cell number was counted after incubation as described above.
If a low cell number was expected after chlorine treatment, pour plating method
was performed with 1 mL of undiluted cell suspension and the detection limit was
1 CFU/mL.
6.2.5 Screening of morphotype on congo red and calcofluor
agar plates
All three strains were analyzed on congo red and calcofluor agar plates to
examine their capabilities to produce curli fimbriae and cellulose according to the
previously described method (Castelijn et al., 2012) with a slight modification.
In brief, 5 µL of overnight culture was spot-inoculated onto LB agar plates with-
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out NaCl (tryptone 10 g/L, yeast extract 5 g/L, and agar 15 g/L) supplemented
with 40 µg/mL of congo red (Sigma-Aldrich) and 20 µg/mL of Coomassie brilliant
blue (AppliChem, Darmstadt, Germany). The cellulose production was further
investigated with LB agar plates without NaCl containing 200 µg/mL of calcofluor
(Fluorescent Brighter 28, Sigma-Aldrich). All plates were incubated at 25 ◦C for
48 h. The morphotypes on congo red agar plates were categorized as rdar (express
curli fimbriae and cellulose), pdar (express cellulose), bdar (express curli fimbriae),
and saw (express neither cellulose nor curli fimbriae) (Ro¨mling et al., 2003). Cal-
cofluor binding was examined under UV light and fluorescence of colonies indicated
cellulose production (Ro¨mling et al., 2003).
6.2.6 Evaluation of biofilms with a fluorescence microscope
The morphology and cellulose production of biofilms were evaluated by stain-
ing the coupons with the LIVE/DEAD R⃝ BacLight Bacterial Viability Kit and
calcofluor dye (250 µg/mL, 200 µL), respectively. The procedures for staining
biofilm samples were described in Section 5.2.4. The fluorescence of calcofluor was
observed under WU (DM400, BP330-385, BA420) filter cube.
6.2.7 Statistical analysis
Mean values were calculated from three independent experiments with dupli-
cate samples (n = 6). Statistical analysis was conducted by one-way analysis of
variance (ANOVA) and mean values were compared by Duncan’s multiple range
test using SPSS software. The diﬀerence was considered as significant if P value
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is less than 0.05. Principal component analysis (PCA) was performed using STA-
TISTICA 10.0 software (StatSoft, Krako´w, Poland) to discriminate the influence
of diﬀerent factors (temperature, pH, nutrient availability, time, and strain) on
planktonic cells, biofilm formation, and biofilm resistance to sanitizer treatments.
6.3 Results
6.3.1 Eﬀect of environmental temperature, pH and nutri-
ent availability on the number of planktonic cells
The number of planktonic cells was monitored at day 2, 4, and 7. In general,
incubation time did not significantly (P>0.05) aﬀect the number of planktonic
cells, unless otherwise stated. Therefore, only the number of planktonic cells after
2 days of incubation is shown in Fig. 6.1 as an example. S. Enteritidis could
not multiply at 4 ◦C and thus the number of planktonic cells remained unchanged
during storage, with an average number of 7.71 log CFU/mL (Fig. 6.1A). However,
the number of planktonic cells in TSB at 25 ◦C increased to 9 log CFU/mL after 2
days of incubation, regardless of pH and bacterial strain (Fig. 6.1B). Interestingly,
high cell density (9 log CFU/mL) in 1/20 TSB was only observed for S. Enteritidis
ATCC 13076, while those of S. Enteritidis 124 and 125 were significantly (P<0.05)
lower, with an average number of 7.27 log CFU/mL for all tested pH conditions,
except for S. Enteritidis 125 at pH 5.3 (8.16 log CFU/mL). Moreover, a decrease
(0.42-0.81 log reduction) in the cell population was found at 25 ◦C in TSB (pH 7.3
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or 8.3) at a later stage (day 4 or day 7) (data not shown).
Fig. 6.1: The number of planktonic S. Enteritidis (SE) cells suspended in tryptic soy broth (TSB)
or diluted TSB (1/20) with diﬀerent pHs at 4 ◦C (A) or 25 ◦C (B) for 2 days.
6.3.2 Eﬀect of environmental temperature, pH and nutri-
ent availability on S. Enteritidis biofilm formation
Biofilm densities at day 4 were similar to those at either day 2 or day 7.
Therefore, only biofilm densities at day 2 and day 7, which represented the early and
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Fig. 6.2: Densities of S. Enteritidis biofilms formed in TSB or diluted TSB (1/20) with diﬀerent
pHs at 4 ◦C (A) or 25 ◦C (B) for 2 and 7 days.
late stage of biofilm formation in this study, are shown in Fig. 6.2. S. Enteritidis
formed significantly (P<0.05) denser biofilms (5.76-7.56 log CFU/cm2) at 25 ◦C,
which were 0.85 log CFU/cm2 higher, compared to those formed at 4 ◦C (5.67-
6.76 log CFU/cm2). In addition, significantly (P<0.05) higher biofilm densities
were observed in 1/20 TSB than TSB, with average diﬀerences of 0.46 and 0.78
log CFU/cm2 at 4 and 25 ◦C, respectively. Although pH significantly (P<0.05)
aﬀected cell population in a few cases, no consistent trend was found. Moreover,
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as biofilm aged, cell population of S. Enteritidis ATCC 13076 at pH 7.3 and 8.3
decreased by 0.55 and 0.50 log CFU/cm2 in 1/20 TSB at 4 ◦C, and by 0.87 and
1 log CFU/cm2 in TSB at 25 ◦C, respectively. Also, 0.50 and 1.04 log reductions
were observed for S. Enteritidis 124 and 125 biofilms in TSB at pH 8.3, 25 ◦C.
The capabilities of diﬀerent strains to form biofilms were also compared under
all tested conditions (24 in total for each strain, excluding the data at day 4). The
statistical analysis indicated that S. Enteritidis ATCC 13076 had lower biofilm
densities compared to the other two strains under 4 conditions (4 ◦C, pH 7.3, 1/20
TSB, day 7; 4 ◦C, pH 8.3, 1/20 TSB, day 2; 4 ◦C, pH 8.3, 1/20 TSB, day 7; 25 ◦C,
pH 5.3, 1/20 TSB, day 2), while it had denser biofilms under 2 conditions (25 ◦C,
pH 5.3, TSB, day 2; 25 ◦C, pH 5.3, TSB, day 7). No significant diﬀerence was
found under the other 18 conditions (P>0.05).
6.3.3 Eﬀect of environmental temperature, pH and nutri-
ent availability on S. Enteritidis biofilm resistance to
chlorine treatment
The log reductions of biofilms formed under diﬀerent environmental condi-
tions to 50 ppm chlorine (pH 6.8) treatment for 1 min are shown in Fig. 6.3. The
increase in environmental temperature significantly (P<0.05) enhanced the resis-
tance of biofilm formed in 1/20 TSB to chlorine treatment, with an average log
reduction of 2.21 log CFU/cm2 at 25 ◦C compared to that of 4.78 log CFU/cm2
at 4 ◦C. However, higher temperature did not generally confer biofilms formed in
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Fig. 6.3: Log reductions of S. Enteritidis biofilms formed in TSB or diluted TSB (1/20) with
diﬀerent pHs at 4 ◦C (A) or 25 ◦C (B) for 2 and 7 days to 50 ppm chlorine (pH 6.8) treatment
for 1 min.
TSB greater resistance, with an average log reduction of 4.08 log CFU/cm2 at 25 ◦C
compared to that of 4.43 log CFU/cm2 at 4 ◦C. No significant (P>0.05) diﬀerence
was found in biofilm resistance between low and high nutrient condition at 4 ◦C.
However, biofilms formed in 1/20 TSB at 25 ◦C were more resistant to chlorine
treatment than those in TSB, with some exceptions. An acidic condition (pH 5.3)
seemed to be a factor to sensitize biofilm resistance to chlorine because biofilms
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formed at pH 5.3 were significantly (P<0.05) weaker than those formed at either
pH 7.3 or pH 8.3 under 16 out of 24 tested conditions. The diﬀerences were most
obvious for S. Enteritidis 125 in 1/20 TSB at 25 ◦C, with an average log reduction
of 3.81, 0.96, and 0.94 for biofilms formed at pH 5.3, 7.3, and 8.3, respectively.
Overall, biofilm resistance was unchanged as biofilm aged. The comparison
among diﬀerent strains demonstrated that biofilms formed by S. Enteritidis ATCC
13076 were more sensitive to chlorine treatment than the other two strains under
all tested conditions at 4 ◦C, and in 1/20 TSB at pH 7.3 and 8.3, 25 ◦C, whereas
it was stronger in TSB (pH 7.3) at day 2. No significant diﬀerence was observed
between S. Enteritidis 124 and 125, except that biofilms of S. Enteritidis 125 grown
in 1/20 TSB at pH 5.3 and 25 ◦C were weaker but those incubated in TSB at pH
8.3 and 25 ◦C were stronger at day 7.
6.3.4 Principal component analysis
Principal components analysis (PCA) was performed in order to evaluate the
influence of diﬀerent factors, namely, temperature, pH, nutrient availability, time,
and strain on the planktonic cells, biofilm formation and biofilm resistance. A
PCA of all raw data (972 data points) resulted in the PCA score plot with two
principal components (PCs), which explained 88% of the total variance (54% and
34% for PC1 and PC2). The biofilm formation and biofilm resistance showed high
positive (0.83) and negative loading coeﬃcient (-0.93), respectively, with PC1, while
planktonic cells showed a high negative loading coeﬃcient (-0.93) with PC2 (Fig.
6.4).
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Fig. 6.4: A diagram of principal component analysis (PCA) loading plot for planktonic cells (PL),
biofilm formation (BIO), and biofilm resistance (RD) of S. Enteritidis strains.
 
Fig. 6.5: A PCA diagram showing the discrimination of mean score factors for planktonic cells
(PL), biofilm formation (BIO), and biofilm resistance (RD) of S. Enteritidis strains (124-triangle,
125-circle, and 13076-square) incubated in diluted (D) and undiluted (UD) TSB under diﬀerent
temperature (4-4 ◦C and 25-25 ◦C) and pH (5.3-white, 7.3-grey, and 8.3-black) conditions. The
values represent the average counts (log CFU/mL or log CFU/cm2) of S. Enteritidis clustered
(C1-C4) together on PCA bi-plot.
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Four clusters (C1-C4), which were separated mainly due to the diﬀerence in
environmental temperature and nutrient availability, were observed in the PCA
diagram (Fig. 6.5). The first cluster (C1) was formed by all tested strains at
4 ◦C, regardless of pH and nutrient availability, which had less planktonic cells, the
least biofilm densities and weakest sanitizer resistance. The other three clusters
(C2-C4) were formed at 25 ◦C due to the diﬀerence in nutrient availability and
bacterial strains. C2 cluster (including mainly S. Enteritidis 124 and 125 in 1/20
TSB) had the least planktonic cells but the highest biofilm densities and greatest
sanitizer resistance. Although both C2 and C4 clusters included biofilms developed
in 1/20 TSB at 25 ◦C and did not diﬀer in biofilm formation, C4 cluster (including S.
Enteritidis 13076 and 125 at pH 5.3) had more planktonic cells and relatively weaker
resistance than C2 cluster. C3 cluster was separated from C2 and C4 clusters due
to nutrient availability, and biofilms formed in TSB at 25 ◦C showed lower densities
and weaker resistance. Subsequently, the set of data from C1 cluster (4 ◦C) was
subjected to separate PCA (Fig. 6.6), which revealed that biofilm development at
4 ◦C was determined mainly by nutrient availability, while biofilm resistance was
shown to be strain-dependent.
These results indicated that environmental temperature and nutrient availabil-
ity were the dominant factors influencing the number of planktonic cells, biofilm
formation and biofilm resistance, although bacterial strains and pH might aﬀect
the number of planktonic cells and biofilm resistance under certain conditions.
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Fig. 6.6: PCA diagrams showing loading plot (A) and mean score factors (B) for planktonic
cells (PL), biofilm formation (BIO), and biofilm resistance (RD) of S. Enteritidis strains (124-
triangle, 125-circle, and 13076-square) incubated in diluted and undiluted TSB under diﬀerent pH
conditions (5.3-white, 7.3-grey, and 8.3-black) at 4 ◦C (representing the set of data from cluster
C1 in Fig. 6.5).
6.3.5 Curli fimbriae and cellulose production on agar plates
The capabilities of three S. Enteritidis strains to produce curli fimbriae and
cellulose were evaluated using congo red and calcofluor agar plates. The results
showed that both S. Enteritidis 124 and 125 strains expressed the red, dry, and
rough (rdar) morphotype on congo red agar plate at 25 ◦C (Fig. 6.7A), indicating
that these two strains can produce both curli fimbriae and cellulose. However, S.
Enteritidis ATCC 13076 strain expressed the brown, dry and rough morphotype
(bdar), indicating that it can produce curli fimbriae only.
The cellulose production was further confirmed using agar plates containing
calcofluor. Similarly, intense fluorescence was observed for colonies of S. Enteritidis
124 and 125 strains under UV light, while no fluorescence was observed for S.





     SE 124           SE ATCC 13076           SE 125 
Fig. 6.7: Morphotypes of diﬀerent S. Enteritidis strains on Luria-Bertani (LB) agar plates without
NaCl supplemented with congo red (A) and calcofluor (B) at 25 ◦C for 2 days.
6.3.6 Microscopic observation of S. Enteritidis biofilms
With the aid of SYTO R⃝9/PI staining, biofilms formed by S. Enteritidis 124
at pH 7.3 for 7 days were observed under a fluorescence microscope. Similar to
the results using plate count method, microscopic evaluation revealed that biofilm
density was increased at higher environmental temperature and under low nutri-
ent condition (Fig. 6.8). In addition, most cells within biofilms formed in 1/20
TSB were stained green (live cells), while those in TSB were stained green, yellow
(injured cells), or red (dead cells), indicating that biofilm cells retained greater
viability in 1/20 TSB than in TSB. Furthermore, biofilm cells formed in TSB ei-
ther were individually scattered or formed small clusters on the surface, while large
aggregates of cells were observed in 1/20 TSB. Compared to 4 ◦C, biofilms formed
at 25 ◦C had a thicker layer of cells, resulting in their structural complexity.
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Fig. 6.8: SYTO R⃝9 and PI staining of biofilms formed by S. Enteritidis 124 under diﬀerent
combinations of temperature and nutrient availability at pH 7.3 for 7 days. Biofilms were observed
under 10×, 40×, and 100× objective lens and scale bars represent 200, 50, and 20 µm, respectively.
The biofilm cells formed on stainless coupons were also stained with calcofluor
dye to examine the cellulose production under diﬀerent environmental conditions
(Fig. 6.9). At 25 ◦C, large clusters of calcofluor fluorescence were observed for
biofilm formed in 1/20 TSB, indicating that a large amount of cellulose was present
in the extracellular matrix of the biofilm (Fig. 6.9A). In addition, small spots of
calcofluor fluorescence were found in the biofilm formed in TSB, demonstrating that
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a small amount of cellulose was also produced under such a condition. However,
almost no fluorescence was detected at 4 ◦C, even though the biofilm formed in
1/20 TSB had a dense layer of cells.
SE ATCC 13076                       SE 124                             SE 125 
            pH 5.3                                pH 7.3                                pH 8.3 
     TSB 4 °C                           1/20 TSB 4 °C                           TSB 25 °C                           1/20 TSB 25 °C                  (A) 
(B) 
(C) 
Fig. 6.9: Calcofluor staining of biofilms formed by S. Enteritidis 124 under diﬀerent combinations
of temperature and nutrient availability at pH 7.3 (A), by S. Enteritidis 125 under diﬀerent pH
conditions (B) and by diﬀerent strains at pH 7.3 (C) in 1/20 TSB at 25 ◦C for 7 days. Scale bars
represent 50 µm.
To investigate if cellulose production was pH- or strain-dependent, calcofluor
staining was also performed for biofilms formed either by S. Enteritidis 125 in
1/20 TSB under diﬀerent pH (pH 5.3, 7.3, and 8.3) conditions, or by diﬀerent
strains in 1/20 TSB (pH 7.3) at 25 ◦C for 7 days. The images showed that a large
subpopulation of biofilm cells at pH 7.3 and 8.3 were stained with calcofluor, while
only a small subpopulation of biofilm cells were stained at pH 5.3 (Fig. 6.9B). In
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addition, fluorescence intensity of biofilms formed by S. Enteritidis 124 and 125 was
substantially higher than that by S. Enteritidis ATCC 13076 (Fig. 6.9C). These
results exhibited that higher amounts of cellulose were produced under neutral or
alkaline conditions than acidic conditions, as well as by S. Enteritidis 124 and 125
than S. Enteritidis ATCC 13076.
6.4 Discussion
This study investigated the eﬀects of temperature, pH, and nutrient availabili-
ty on the biofilm formation of three diﬀerent S. Enteritidis strains and their biofilm
resistance to chlorine treatment. Three strains were selected in this study because
Salmonella biofilm forming behavior is strain-dependent (Lianou and Koutsouma-
nis, 2012). In addition, although S. Enteritidis can grow over a wide range of pH
(pH 5.3–9.0) as described in Chapter 4, the alkaline eﬀect was studied using pH
8.3 instead of pH 9.0 because biofilm density at pH 9.0 was too lower to compare
biofilm resistance among diﬀerent pH conditions (data not shown). Moreover, 1/20
TSB was used as the growth medium to simulate the low nutrient condition in food
industry (Castelijn et al., 2012; Stepanovic´ et al., 2004). Besides, multivariate sta-
tistical analysis, namely, principal component analysis (PCA) was applied in order
to evaluate the eﬀect of diﬀerent environmental factors on biofilm development.
The number of planktonic cells was monitored to investigate whether the dif-
ferences in biofilm formation was due to the diﬀerences in growth capabilities. As
expected, the number of planktonic cells at 4 ◦C was relatively constant over time
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and was close to the initial level. On the other hand, the number of planktonic
cells at 25 ◦C increased by approximately 1 log CFU/mL after 2 days of incubation,
except that lower cell counts were observed for S. Enteritidis 124 and 125 in 1/20
TSB. The lower planktonic cell counts in diluted TSB might not be due to the low
nutrient availability since Salmonella cell counts reached 8.5 log CFU/mL when
inoculated (8 log CFU/mL) into glass test tubes containing 1/20 TSB without
coupons (data not shown). Interestingly, a thin film was deposited at the bottom
of the petri dish as well as on the coupons under the conditions with lower numbers
of planktonic cells. Once the film was recovered from the bottom, the total cell
suspension was also around 8.5 log CFU/mL. Thus, this finding indicates that low
nutrient condition (1/20 TSB) might promote the attachment of planktonic cells
to the surface at 25 ◦C.
Biofilm formation was investigated on coupons of stainless steel, which is the
most commonly used contact material in food processing environment (Olszewska,
2013). The present study showed that cell counts of biofilms at 25 ◦C were higher
than those at 4 ◦C, indicating that environmental temperature might have an eﬀect
on S. Enteritidis biofilm formation. These results are in agreement with those
reported by Lianou and Koutsoumanis (2012) that various serotypes of S. enterica
strains generated more biofilms at 25 ◦C compared to 4 ◦C. In addition, nutrient
availability played a significant role in S. Enteritidis biofilm formation in this study
since higher biofilm density was observed in 1/20 TSB compared to TSB at both
temperatures. Similarly, Stepanovic´ et al. (2004) also reported that 1/20 TSB
was more eﬀective in promoting Salmonella biofilm formation than TSB at 35 ◦C.
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However, these results are contradictory to the previous report by Castelijn et al.
(2012) who found that 24 out of 26 S. Typhimurium strains isolated from the clinical
samples or outbreak-associated foods produced denser biofilms in TSB rather than
1/20 TSB at 25 and 37 ◦C, while the opposite eﬀect was only found in the other two
strains at 25 ◦C. Moreover, no significant diﬀerence in biofilm formation between
TSB and 1/20 TSB was also observed for several Salmonella serotypes at 30 ◦C
(Kroupitski et al., 2009). The diﬀerent eﬀects of low nutrient medium on biofilm
formation might be due to diﬀerent serotypes and temperatures being tested in the
studies.
In general, biofilm formation of S. Enteritidis in this study was not aﬀected
by environmental pH and biofilm age, regardless of bacterial strains. Similar re-
sults have also been obtained by Karaca et al. (2013) that no significant diﬀerence
in biofilm production of S. Typhimurium was observed between pH 5.5 and 7.4.
However, biofilm formation of S. Infantis and S. Roughform at pH 7.4 was higher
than that at pH 5.5 (Karaca et al., 2013). By contrast, Lianou and Koutsoumanis
(2012) reported that most S. enterica strains exhibited greater biofilm-forming ca-
pabilities at pH 5.5 than at pH 7.0. The variable eﬀects of environmental pHs on
Salmonella biofilm formation might result from the diﬀerent genetic backgrounds
of bacterial strains. Although some studies demonstrated that biofilm densities of
S. enterica increased as biofilm aged (Corcoran et al., 2014; Giaouris and Nychas,
2006), others suggested that the cell densities of biofilms remained stable or even
decrease at a later stage (Giaouris and Nychas, 2006; Wong et al., 2010a). The
discrepancy could be explained by the fact that refreshment of medium was applied
133
in the former studies but not in the latter ones.
The resistance of biofilms formed under diﬀerent environmental conditions to
50 ppm chlorine solution was analyzed. The results indicate that higher temper-
ature (25 ◦C) and lower nutrient availability (1/20 TSB) enhanced the resistance
of biofilm against chlorine treatment. In addition, pH and bacterial strains, un-
der certain environmental conditions, also had great impacts on the resistance of
S. Enteritidis biofilm. These results are in accordance with those observed in L.
monocytogenes that biofilms formed at a low temperature (5 ◦C) or under an acidic
condition (pH 5.0) were more sensitive to sanitizers than those formed at a high
temperature (20 ◦C) or under a neutral condition (pH 7.0) (Belessi et al., 2011).
However, to the best of my knowledge, no attempt has yet been made to investigate
the influences of nutrient availability on bacterial biofilm resistance. In addition,
the diﬀerent resistance of biofilms among bacterial strains observed in this study
suggests that it is important to use multiple strains to evaluate the sanitizer eﬃ-
ciency against biofilms.
PCA is a useful and powerful mathematical tool to simplify and describe the
multivariate structure of data. In the present study, PCA was applied to find out
whether environmental factors (pH, temperature and nutrient availability), tested
strains, or biofilm age contributed to the diﬀerences in the number of planktonic
cells, biofilm formation and sanitizer resistance. In general, the PCA clustering
clearly indicates the importance of temperature and nutrient availability over pH,
biofilm age and bacterial strains in biofilm formation and resistance. Furthermore,
biofilm development at 4 ◦C was found to be promoted by low nutrient content,
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while its resistance to chlorine treatment was strain-dependent. This study indi-
cates the usefulness of PCA to evaluate the importance of environmental stress
factors aﬀecting bacterial biofilm formation and its resistance.
The mechanisms of biofilm resistance to sanitizers have not been fully under-
stood, however, heterogeneous structures of biofilm and EPS production might
increase biofilm resistance as they could hinder the diﬀusion of sanitizers into
biofilms (Olszewska, 2013; Van Houdt and Michiels, 2010). The major components
of the extracellular matrix of Salmonella biofilms are curli fimbriae and cellulose
(Castelijn et al., 2012), therefore, they were investigated in this study. Microscop-
ic examination of biofilm structures showed that low nutrient condition promoted
biofilm cell aggregation while higher temperature led to the buildup of the multilay-
er structures. Correspondingly, higher cellulose production was observed at higher
temperature, especially in low nutrient medium. The observation is supported by
the findings of Castelijn et al. (2012) that the expression of genes involved in cel-
lulose production was induced in S. Typhimurium biofilm formed in 1/20 TSB at
25 ◦C. Therefore, the greater biofilm resistance in 1/20 TSB at 25 ◦C was proba-
bly the result of the complex biofilm structure and higher cellulose content, which
protected the cells deep within the biofilm from being attacked by chlorine.
The cellulose production of biofilms formed under diﬀerent pH conditions was
also determined using calcofluor staining to investigate whether environmental pH
aﬀected biofilm resistance to sanitizer treatment by acting on cellulose production.
The investigation was carried out for S. Enteritidis 125 in 1/20 TSB at 25 ◦C
due to the noticeable pH eﬀect on biofilm resistance. The lower cellulose amount
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present in the biofilm at pH 5.3 well correlated with its poor resistance to sanitizer
treatment. Therefore, the lower cellulose production might be one of the reasons
for the weaker sanitizer resistance of biofilm under an acidic condition at 25 ◦C. On
the other hand, no cellulose was produced at all tested pHs at 4 ◦C, but biofilms
formed at pH 5.3 were still more sensitive to chlorine treatment compared to pH
7.3 or 8.3. Thus, this finding indicates that factors other than cellulose production
may play important roles in biofilm resistance.
To understand the mechanism of diﬀerent biofilm resistance among S. Enteri-
tidis strains, curli fimbriae and cellulose production were investigated. The results
showed that the morphotypes of strain 124 and 125 were rdar while that of strain
ATCC 13076 was bdar, suggesting that all three strains could produce curli fim-
briae but only S. Enteritidis 124 and 125 had the ability to produce cellulose. The
capabilities of diﬀerent strains to produce cellulose were further tested by directly
staining the biofilms on coupons. Microscope analysis revealed that S. Enteritidis
124 and 125 produced greater amounts of cellulose than S. Enteritidis ATCC 13076
and this might explain the reason why S. Enteritidis 124 and 125 had stronger san-
itizer resistance than S. Enteritidis ATCC 13076. Interestingly, a low intensity of
fluorescence was also observed in the biofilms of S. Enteritidis ATCC 13076, indi-
cating that a small amount of cellulose might be present, which was contrary to the
results obtained using congo red and calcofluor plates. One of the possible expla-
nations for the diﬀerence is that the morphotype on agar plates was investigated
after 2 days while the cellulose production within the biofilms was examined after
7 days, and thus S. Enteritidis ATCC 13076 might be a slow cellulose producer.
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Besides, it was also notable that diﬀerent media (LB without NaCl and 1/20 TSB)
used to analyze cellulose could aﬀect cellulose production due to the diﬀerence in
nutrient sources (Chawla et al., 2009). Similar to the pH eﬀect, the weaker resis-
tance of S. Enteritidis ATCC 13076 at 4 ◦C might be attributed to other unknown
factors involved in biofilm resistance.
It was found that the biofilm of S. Enteritidis 125 was more sensitive to san-
itizer treatment compared to that of S. Enteritidis 124 in 1/20 TSB at pH 5.3,
25 ◦C, although both of them had the same rdar morphotype. The variation might
be due to that the acidic condition dramatically reduced cellulose production of S.
Enteritidis 125 as discussed above while it had a less eﬀect on that of S. Enteritidis
124 (data not shown). Therefore, these results demonstrate that S. Enteritidis with
the same morphotype might have diﬀerent biofilm resistance.
6.5 Conclusions
This was the first study to investigate the eﬀects of food-related environmental
stress factors on the resistance of S. Enteritidis biofilms to sanitizer treatment and
correlated their resistance with biofilm structure and cellulose production. The re-
sults showed that higher temperature (25 ◦C) or low nutrient condition (1/20 TSB)
promoted S. Enteritidis biofilm formation, while greater biofilm resistance was only
found under low nutrient condition at 25 ◦C. In addition, biofilms formed under an
acidic condition or by S. Enteritidis with a bdar morphotype were generally more
sensitive to chlorine treatment than those formed under a neutral or an alkaline
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condition, or by strains with a rdar morphotype, although environmental pH and
bacterial strains did not aﬀect biofilm formation. The multivariate biofilm data
were described well using PCA, indicating that environmental temperature and
nutrient availability might be the dominant factors aﬀecting biofilm formation and
resistance. Moreover, structural complexity and cellulose production of biofilms
positively correlated with their greater resistance to chlorine treatment. Therefore,
this study indicates that environmental stress conditions found in food processing
plants could have a profound impact on biofilm resistance to sanitizer treatment,




Conclusions and Future Work
7.1 Conclusions
Salmonella infection remains to be a public health concern in the world, de-
spite the fact that intensified eﬀorts have been made to reduce the levels of bacterial
pathogens in foods. The great diﬃculty in the elimination of Salmonella strains
is possibly due to their ability to evolve and adapt to the changing environments.
Salmonella cells respond to stress conditions by altering their membrane lipid com-
position and gene expression, which may contribute to the increased tolerance to
one or more stresses, enhanced virulence properties, and biofilm formation, and
thus make them more virulent and persistent in the environment. Heat, cold, acid,
alkali, and starvation are the common stresses that foodborne pathogens may en-
counter in food processing environments. A deep understanding of the responses
of S. Enteritidis under food-related environmental stress conditions and the un-
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derlying mechanisms of bacterial resistance to subsequent lethal conditions is an
important step in the development of more eﬀective methods to reduce the risk of
S. Enteritidis.
The present study investigated the long-term eﬀect of heat, cold, acidic-, or
alkaline-antimicrobial stress on survival of S. Enteritidis during heat treatment (54–
60 ◦C) or in simulated gastric fluid (pH 2.0) to ascertain whether stress adaptation
confers bacteria greater resistance to the same or other stresses. Heat and acid
resistance of stress-adapted S. Enteritidis was determined because heat treatment
is the most eﬀective intervention technique to eliminate foodborne pathogens in
foods, while gastric fluid is the first-line of defense against foodborne pathogens
in the human body. The results showed that heat-adapted S. Enteritidis cells
were more heat resistant than non-adapted control cells and cold-adapted cells. In
addition, acid-adapted cells had greater acid resistance in simulated gastric fluid
than control cells and alkali-adapted cells. These results indicate that heat- or
acid-adaptation of S. Enteritidis could confer bacterial cells greater tolerance to
the lethal levels of the same stress, while only acid-adaptation could induce cross-
protection against heat treatment. In addition, neither cold- nor alkali-adaptation
could induce cross-protection against heat and acid treatment. This study suggests
that heat- or acid-stress might protect S. Enteritidis cells during subsequent thermal
processing or stomach transit.
The greater resistance induced by stress conditions has usually been linked
to the alterations in cell membrane fluidity and the up-regulation of stress re-
sponse regulators. Therefore, the eﬀect of these stress conditions on S. Enteritidis
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membrane lipid composition and stress-related gene expression was investigated.
The results showed that heat- and acid-adaptation decreased membrane fluidity,
whereas cold- and alkali-adaptation increased membrane fluidity, by adjusting the
ratio of unsaturated to saturated fatty acids in the cell membrane. The more rigid
membrane could partially explain the greater heat and acid resistance of heat- and
acid-adapted cells. However, heat-adapted cells were less acid resistant compared
to the control cells, indicating that other mechanisms might be involved in the
regulation of acid tolerance. Gene analysis showed that heat stress upregulated
the expression of rpoH while it downregulated the expression of rpoS. The induced
expression of rpoH might contribute to the greater heat resistance of heat-adapted
cells, while the depression of rpoS in heat-adapted cells might be responsible for
the weak acid tolerance. Interestingly, the upregulation of rpoS or/and rpoH was
observed in cells with decreased membrane fluidity, which might serve as a survival
strategy to cope with the adverse environment, although they were insuﬃcient to
confer S. Enteritidis greater resistance to lethal acid and heat treatment. This s-
tudy suggests that both cell membrane fluidity and stress response regulators play
crucial roles in the regulation of stress-induced resistance.
Apart from increasing bacterial resistance to lethal stresses, environmental
stress conditions have been found to alter the virulence properties of foodborne
pathogens. In this study, the eﬀect of stress conditions on S. Enteritidis virulence-
related gene expression was also investigated. The results showed that most of
virulence genes tested were upregulated at high temperature or under alkaline con-
ditions, except that sefA was induced in the control cells (37 ◦C, pH 7). This study
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demonstrates that environmental stress conditions could have profound impacts
on the expression of S. Enteritidis virulence-related gene. Although the virulence
profile tested in vitro might deviate from that in vivo because Salmonella might
change gene expression as environmental conditions change, hysteresis in the ex-
pression of virulence genes has been observed in S. Typhimurium. Therefore, gene
regulation caused by environmental stimuli might be kept even after the environ-
mental stress ceased. In addition, the induced expression of adhesion or invasion
related genes under stress conditions might facilitate foodborne pathogens to attach
to and invade food tissues, or attach to food contact surfaces and form biofilm, and
thus protect them from cleaning and sanitizing procedures. Therefore, this study
indicates that heat- or alkaline-stress might enhance the virulence potential of S.
Enteritidis.
The investigation of virulence-related gene expression demonstrates that the
expression of surface structures, like fimbriae (encoding by sefA), is modulated by
environmental conditions. The alteration in cell surface structures or surface pro-
teins would change cell surface properties and consequently aﬀect cell attachment.
Therefore, the initial attachment of heat-, cold-, acidic and alkaline antimicrobial-
adapted S. Enteritidis cells to two food contact surfaces (acrylic and stainless steel)
was determined. Regardless of contact surfaces, control cells at 37 ◦C had signif-
icantly higher initial attachment compared to heat- and cold-adapted cells. In
addition, the initial attachment of acid-adapted cells was similar to that of control
cells at pH 7.3, which was higher than alkali-adapted cells. The higher attachment
of control cells pre-grown under optimum growth conditions correlated well with
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previous results that the expression of fimbriae-related gene was induced in con-
trol cells. To elucidate the varied levels of initial attachment, surface properties of
both bacterial cells and solid surfaces were tested, and surface attachment of bac-
terial cells was modeled by xDLVO theory. In general, cells that achieved higher
attachment had higher hydrophobicity and less negative charge. Besides, xDLVO
theory could successfully explain bacterial initial attachment in most cases. This
study suggests that compared to other tested stresses, acid-stress might promote
the initial attachment of S. Enteritidis to food contact surfaces by modifying cell
surface properties.
In addition to initial attachment, environmental stress conditions have also
been reported to influence Salmonella biofilm formation and its resistance to sani-
tizers. Therefore, this study also investigated the eﬀect of stress conditions (cold,
antimicrobials, or low-nutrient) that are commonly encountered in food processing
environments on S. Enteritidis biofilm formation as well as on its subsequent re-
sistance to chlorine. The results showed that room temperature and low-nutrient
conditions promoted S. Enteritidis biofilm formation compared to refrigeration tem-
perature and high-nutrient conditions, regardless of pH. Moreover, biofilms formed
under low-nutrient condition at room temperature exhibited greater resistance to
chlorine than those formed at refrigeration temperature. Compared to biofilms
formed under a neutral or an alkaline condition, biofilms formed under an acidic
condition were more susceptible to chlorine treatment. The greater tolerance of
biofilm to chlorine well correlated with its complex structure and higher cellulose
production. This study indicates that room temperature or low-nutrient condition
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might enhance S. Enteritidis biofilm formation and its resistance to sanitizers.
In conclusion, this study showed that food-related environmental stress con-
ditions could enhance S. Enteritidis virulence and resistance to subsequent lethal
treatments, promote its attachment and biofilm formation onto food contact sur-
faces, and increase its biofilm resistance to sanitizers. Furthermore, stress responses
of S. Enteritidis were highly dependent on the environmental stress conditions and
the stress that conferred S. Enteritidis greater resistance or virulence did not en-
hance its initial attachment or biofilm formation, and vice versa. Among all tested
stresses, cold-stress not only retarded S. Enteritidis growth, but also decreased its
virulence and resistance to lethal treatments, and inhibited its initial attachment
and biofilm formation. Therefore, this study suggests that cold storage would be
an eﬀective intervention technology in reducing the risk of S. Enteritidis outbreaks.
The findings of this study could enrich our knowledge of adaptation and resistance
responses of S. Enteritidis to stresses in the food processing environments, and
thus provide the groundwork for the development of eﬀective strategies to control
stress-adapted S. Enteritidis cells.
7.2 Future work
To explore mechanisms of S. Enteritidis resistance to stress conditions, labo-
ratory media was used in this study to simulate the conditions of foods, because
food matrices, such as proteins or lipids, may interfere the extraction process of
RNA and membrane lipids. The results clearly showed that S. Enteritidis develope-
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d resistance after long-term exposure to the tested stresses under the laboratory
conditions. However, it is largely unknown whether the observed resistance re-
sponse may also be induced in food matrices. Therefore, it would be important
to prepare stress-adapted cells using actual foods and subsequently evaluate their
survival during heat and acid treatment in the future.
To understand adaptation responses of S. Enteritidis at the genetic level, the
expression levels of several genes encoding stress response regulators and virulence
were investigated in this study. The results demonstrated that environmental con-
ditions had a great influence on the expression level of these genes. However,
bacterial stress responses rely on the coordinated expression of a large number
of genes, such as genes responsible for cell division, metabolism, transportation,
stress response and virulence. To achieve a more comprehensive understanding of
S. Enteritidis adaptation responses, transcriptomic and proteomic analyses, which
target the entire set of genes or proteins, is recommended to be included in the
future study.
This study demonstrated that the expression of virulence genes was modu-
lated by environmental stress conditions, and some of the tested stress conditions
upregulated the expression of virulence genes. However, whether the fold changes
observed in gene expression would be enough to cause a diﬀerence in virulence
is unclear. In addition, it is possible that virulence gene profile changes after S.
Enteritidis cells being ingested. Thus, it would be more convincing to measure the
virulence potential of stress-adapted S. Enteritidis cells using an animal model.
To explain the eﬀect of stress-adaptation on S. Enteritidis initial attachment
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to food contact surfaces, this study determined surface charge and hydrophobicity
of adapted cells. Although the results correlated well with initial attachment, it is
widely accepted that bacterial attachment is a complex phenomenon that involves
many factors. Bacterial cell surface structures, such as flagella, fimbriae, LPS,
and other surface proteins, could aﬀect bacterial initial attachment not only by
modifying cell surface charge and hydrophobicity but also by acting as adhesins.
It is also worthwhile to investigate whether environmental conditions could aﬀect
the expression of these surface structures to better understand their roles in S.
Enteritidis initial attachment.
Finally, this study showed that low-nutrient condition and room temperature
enhanced S. Enteritidis biofilm formation and its resistance to a sanitizer. However,
this finding was observed using 1/20 TSB as the growth medium. As mentioned
in the literature review, the eﬀect of nutrient availability on Salmonella biofilm
formation might be dependent on the growth medium. Therefore, it would be of
great interest to determine whether the phenomenon observed in this study could
also be found when diﬀerent food matrices are used as growth media.
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